PCT 



BEST AVAILABLE COPY 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 




(11) International Publication Number: 


WO 98/22795 


G01N 5/04 


Al 


(43) International Publication Date: 


28 May 1998 (28.05.98) 



(21) International Application Number: PCT/US97/21519 

(22) International Filing Date: 2 1 November 1 997 (2 1 . 1 1 .97) 



(30) Priority Data: 

60/031,643 
60/050,215 



22 November 1 996 (22. 1 1 .96) US 
19 June 1997 (19.06.97) US 



(71) Applicant (for all designated States except US): THE 

REGENTS OF THE UNIVERSITY OF CALIFORNIA 
[US/US]; Business and Patent Law, Mail Stop D412, Los 
Alamos, NM 87545 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): YANG, Xiaoguang 
[US/US]; 801 Tiffany, Los Alamos, NM 87544 (US). 
SWANSON, Basil, I. [US/US]; 3463 Urban, Los Alamos, 
NM 87544 (US). 

(74) Agents: COTTRELL, Bruce, H. et al.; Los Alamos National 
Laboratory, P.O. Box 1663, Mail Stop D412, Los Alamos, 
NM 87545 (US). 



(81) Designated States: AL, AM, AT, AU, AZ, BB, BG, BR, BY, 
CA, CH, CN, CZ, DE, DK, EE, ES, FI, GB, GE, HU, IL, 
IS, JP, KE, KG, KP, KR, KZ, LK, LR, LS, LT, LU, LV, 
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, 
SD, SE, SG, SI, SK, TJ, TM, TR, TT, UA, UG, US, UZ, 
VN, ARIPO patent (GH, KE, LS, MW, SD, SZ, UG, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, DE, DK, ES, FI, FR, GB, 
GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, 
CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: CHEMICAL M1CROSENSORS FOR DETECTION OF EXPLOSIVES AND CHEMICAL WARFARE AGENTS 
(57) Abstract 

An anicle of manufacture is provided including a substrate having an oxide surface layer and a layer of a cyclodextrin derivative 
chemictnv Sd to said substrate, said layer of a cyclodextrin derivative adapted for the inclusion of selected compounds e g 
n^ntainTg organic compounds, therewith Such an article can be a chemical microsensor capable of detecfng a resultant mass 
change from inclusion of the nitro-containing organic compound. 



BNSDOCIO: <WO 9822795A1 J_> 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCX on the front pages of pamphlets publishing international app.ications under the PCT. 



AL 
AM 
AT 

-AU- 



Albania 
Armenia 
Austria 
Australia 



ES 
Fl 
FR 
GA 



Spain 
Finland 
France 
Gabon 



AZ Azerbaijan 

BA Bosnia and Herzegovina 

BB Barbados 

BE Belgium 

BF Burkina Faso 

BG Bulgaria 

BJ Benin 

BR Brazil 

BY Belarus 

CA Canada 

CF Central African Republic 

CG Congo 

CH Switzerland 

CI Cdte d'lvoirc 

CM Cameroon 

CN China 

CD Cuba 

CZ Czech Republic 

DE Germany 

DK Denmark 

EE Estonia 



GB 

GE 

GH 

GN 

GR 

HU 

IE 

IL 

IS 

IT 

JP 

KE 

KG 

KP 

ICR 

KZ 

LC 

LI 

LK 

LR 



United Kingdom 

Georgia 

Ghana 

Guinea 

Greece 



Ireland 

Israel 

Iceland 

Italy 

Japan 

Kenya 

Kyrgyzstan 

Democratic People's 

Republic of Korea 

Republic of Korea 

Kazakstan 

Saint Lucia 

Liechtenstein 

Sri Lanka 

Liberia 



LS 


Lesotho 


LT 


Lithuania 


LU 


Luxembourg 


LV 


Latvia 




— Monaco 


MD 


Republic of Moldova 


MG 


Madagascar 


MK 


The former Yugoslav 




Republic of Macedonia 


ML 


Mali 


MN 


Mongolia 


MR 


Mauritania 


MW 


Malawi 


MX 


Mexico 


NE 


Niger 


NL 


Netherlands 


NO 


Norway 


NZ 


New Zealand 


PL 


Poland 


PT 


Portugal 


RO 


Romania 


RU 


Russian Federation 


SD 


Sudan 


SE 


Sweden 


SG 


Singapore 



SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


sz 


Swaziland 


TD — 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TM 


Turkmenistan 


TR 


Turkey 


TT 


Trinidad and Tobago 


UA 


Ukraine 


UG 


Uganda 


US 


United States of America 


uz 


Uzbekistan 


VN 


Viet Nam 


YU . 


Yugoslavia 


ZW 


Zimbabwe 



WO 98/22795 



PCT/US97/21519 



1 



15 



CHEMICAL MICROSENSORS FOR DETECTION OF 
EXPLOSIVES AND CHEMICAL WARFARE AGENTS 

This application claims the benefit of U.S. Provisional Application No. 60/050215 filed June 
19, 1997 andU. S. Provisional Application No. 60/031,643 filed November 22, 1996. 

FIELD OF THE INVENTION 
The present invention relates to chemical microsensor devices including a layer of a 

cyclodextrin-derivative and to a process for the detection of trace amounts of selected organic 

compounds including niuo-containing organic compounds (e.g., explosives) and/or chemical 

warfare agents. This invention is the result of a contract with the Department of Energy 

(Contract No. W-7405-ENG-36). 

BACKGROUND OF THE INVENTION 
The detection of nitro-containing organic compounds is necessary for finding 
unexploded ordnance or buried land mines of for finding the presence of explosive materials, 
eg., hidden within airline luggage. Safety or security concerns over such explosive materials 
require improved monitoring and/or analysis for the detection of selected volatile nitro- 
containing compounds generally present as minor contaminants within common explosive 
compounds such as trinitrotoluene (TNT). While analytical techniques are available to detect 
the presence of many substances down to levels as low as parts per billion (ppb) or less, such 
analytical techniques generally require collecting a sample in the field, taking the sample to a 
laboratory, and analyzing the sample by, e.g., gas chromatography or mass spectroscopy. Such 
analysis requires sophisticated equipment that generally requires up to several days to obtain 
25 final results and such analysis is not generally suited to field use. Thus, present analytical 
techniques fail to provide any real-time information about the presence of nitro-containing 
organic compounds. 



20 
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Another category of materials sought to be detected on a real-time basis are chemical 
compounds used in chemical warfare generally referred to as chemical warfare agents (CW 
agents) such as nerve gas or blister agents. The detection of CW agents to allow for protection 
of personnel or to allow for detection of suspected production sites is important. 

5 Much prior research has been directed to developing chemical sensors that can give 

more rapid feedback information. One example is U.S. Patent 5,151,1 10 wherein a sensor 
includes a piezoelectric substrate, preferably contained within a surface acoustic wave (SAW) 
device or a quartz crystal microbalance (QCM) device, and a coating, such as zeolite crystals in 
an inorganic silica matrix, applied to the substrate to selectively sorb chemical entities of a size 

10 less than a predetermined magnitude. While such a chemical sensor is useful, it is limited to 
materials that physically fit within the particular pore sizes of the zeolite crystals. 

U.S. Patent No. 4,860,573 describes a composite substrate intended for an apparatus for 
quantitative detection of, e.g., an organic component present in a gas or liquid. Cyclodextrin is 
described as one material for incorporation as an active site material into the composite 

15 substrate. However, there is no teaching or suggestion of multilayers of the active site material, 
nor is there any teaching or suggestion of using cyclodextrin derivatives or of forming oriented 
cyclodextrin derivative structures by the controlled assembly of such materials through layer by 
layer build up or addition. 

U.S. Patent No. 5,41 8,058 r issued to Li et al. on May 23, 1995. describes chemical 

20 microsensors for the detection of selected organic compounds such as aromatic compounds, 
polyaromatic compounds, oxygen-containing organic compounds, and halogenated 
hydrocarbons. In the formation of the microsensor, a linking molecule of, e.g., 
"TMStncHora 

derivative, to the transducer surface. There is no teaching or suggestion of the detection or 
25 nitro-containing organic compounds with the disclosed chemical microsensors, nor any 

teaching or suggestion of asymmetrical linking agents for covalently bonding the cyclodextrin 
material to the transducer surface. 
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It is an object of the present invention to provide a chemical sensor including a 
cyclodextrin derivative and a method of detecting nitro-containing organic compounds and/or 
CW agents, preferably in an on-site, real time process. 

It is a further object of the invention to provide a chemical microsensor, including a 
5 cyclodextrin derivative, having sensitivity to detect low levels of such nitro-containing 
chemical compounds or CW agents, preferably at a sub-ppb level. 

It is a still further object of the invention to provide a reversible chemical microsensor 
including a cyclodextrin derivative. 

Yet another object of the present invention is to provide a chemical microsensor formed 
l o through a layer by layer build up process. 

Another object of the present invention is to provide a chemical microsensor formed 
through a layer by layer build up process using an asymmetrical Afunctional linking agent as 
one layer of the microsensor. 

Still another object of the present invention is a chemical microsensor system utilizing a 
1 5 reference sensor substantially identical to a cyclodextrin-derivative containing sensor except for 
the cyclodextrin-derivative material layer. 

Yet another object of the present invention is to form a chemical bond, i.e., a hydrogen 
bond between the cyclodextrin material and the target compounds. 

Yet a further object of the present invention is to provide asymmetrical functionalization 
20 on the top rim of a cyclodextrin, e.g., some hydroxyl functionalization plus some methoxy 
functionalization. leaving at least one functionality with hydrogen bonding potential. 

SUMMARY OF THE INVENTION 
To achieve the foregoing and other objects, and in accordance with the purposes of the 
present invention, as embodied and broadly described herein, the present invention provides a 
25 chemical microsensor including a substrate including an oxide layer, a linking agent including a 
linear alkane chain containing from about 8 to about 18 carbon atoms attached to the oxide 
layer, and. a cyclodextrin-derivative covalently bonded to the linking agent. 
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The present invention further provides a method of detecting trace amounts of nitro- 
containing organic species within an environment including placing a selective chemical sensor 
into an environment, the sensor including a substrate having an oxide surface layer thereon and 
a selective thin film of a cyclodextrin derivative chemically bound upon the substrate, the film 

5 adapted for the chemically bonding of a nitro-containing organic compound therewith, for a 
sufficient time wherein nitro-containing organic species can form complexes with the 
cyclodextrin derivative, measuring a change resulting from complexation of nitro-containing 
chemical species with the cyclodextrin derivative, and correlating the measured change with a 
quantitative or qualitative output relating to the nitro-containing organic species. 

10 ] n one embodiment of the invention is provided a chemical microsensor system 

including a first sensing portion including a first substrate having a surface oxide layer thereon, 
a linking agent including a linear alkane chain containing from about 8 to about 18 carbon 
atoms attached to the surface oxide layer of the first substrate, a cyclodextrin-derivative 
covalently bonded to the linking agent of first substrate, a second sensing portion including a 

15 second substrate having a surface oxide layer thereon, the linking agent including a linear 
alkane chain containing from about 8 to about 1 8 carbon atoms attached to the surface oxide 
layer of the second substrate, the first and second sensing portions electronically linked so as to 
provide measurements of a system wherein the second sensing portion serves as a reference to 
the first sensing portion. 

2 0 BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 illustrates the response of a 250 MHz SAW resonator microsensor coated 
with a p-cyclodextrin derivative in accordance with the present invention to a selected CW 
agrafsimulank 

FIGURE 2 illustrates a comparison of sensitivities of a cyclodextrin monolayer SAW 
. 25 device for detecting CW agent simulants and halogenated hydrocarbons. 
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FIGURE 3 illustrates sensor responses of three different monolayer SAW devices 
toward perchloroethylene, dimethoxy methyl phosphonate, and chlorethyl ethyl sulfide. 

FIGURE 4 illustrates the response of a 250 MHz SAW resonator microsensor coated 
with a cyclodextrin derivative in accordance with the present invention to nitrobenzene. 
5 FIGURE 5 illustrates the response of a 250 MHz SAW resonator microsensor coated 

with various materials in accordance with the present invention to nitrobenzene and 
demonstrates the passivation of the surface with a coating of octadecyltrichlorosilane. 

FIGURE 6 illustrates the response of a SAW resonator microsensor coated with a 
cyclodextrin-siloxane polymer in accordance with the present invention to nitrobenzene. 
10 FIGURE 7 illustrates the nonlinear response of a SAW resonator microsensor coated 

with a cyclodextrin-siloxane polymer in accordance with the present invention to nitrobenzene. 

FIGURE 8 illustrates the response of a SAW resonator microsensor coated with a 
second cyclodextrin-siloxane polymer in accordance with the present invention to o- 
nitrotoluene. 

15 FIGURE 9 illustrates the comparative response of a SAW resonator microsensor coated 

with a siloxane polymer versus of a SAW resonator microsensor coated with a cyclodextrin- 
siloxane polymer in accordance with the present invention to nitrobenzene. 

FIGURE 10 shows the real time SAW response towards o-nitrotoluene vapor over a 
250 MHz SAW device coated with cyclodextrin-polymethylhydrosiloxane polymer at o- 

20 nitrotoluene concentrations of (I) 6 ppm, (II) 600 ppb, (III) 60 ppb and (IV) 6 ppb. 

DETAILED DESCRIPTION 
The present invention is concerned with an article of manufacture, e.g., a chemical 
microsensor device including a substrate with a layer of a cyclodextrin derivative thereon, such 
25 a chemical microsensor device useful, e.g., for detecting nitro-containing organic compounds or 
CW agents. The chemical microsensor of the present invention is characterized as having both 
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selectivity and sensitivity for nitro-containing organic compounds or CW agents, especially for 
nitro-containing organic compounds. 

By "selectivity" is meant that the chemical microsensor demonstrates high response for 
the selected target material such as a nitro-containing organic compound while demonstrating 
5 either no response or a low response to other materials within a given sample. By "sensitivity" 
is meant that the chemical microsensor demonstrates high response for the selected target 
material at low concentrations, e.g., at concentration levels of less than about 100 ppb, 
preferably of less than about 10 ppb and more preferably at concentration levels as low as less 
than 1 ppb. 

10 In contrast to previous cyclodextrin-derivative based chemical microsensors used to 

detect chlorinated hydrocarbons and chlorinated aromatics, the chemical microsensor of the 
present invention shows responses to nitro-containing organic compounds such as nitrobenzene 
* of 2 to 3 orders of magnitude higher response in frequency shift thus greater sensitivity than for 
the previous chlorinated compounds and other volatile organic compounds. 

15 The layer of cyclodextrin derivative upon the substrate is species selective, i.e., the layer 

of cyclodextrin derivative is selective for certain species within an admixture based on a size 
basis wherein certain species have a size capable of fitting within the defined cyclodextrin 
cavity (the selective host material) and/or on a chemical basis wherein certain species can form 
a chemical attraction with a functionality upon the cyclodextrin derivative material. Where the 

20 cyclodextrin material is functioning as a selective host material, it should have a suitable 
opening or cavity whereby capture or inclusion of target selective organic compounds can 
occur. Additionally, the cyclodextrin material preferably includes a functionality capable of 

— ~~ forrainExhemi 

The present sensor mimics in some respects the behavior of an enzyme that has both geometric 
25 or structural requirements and chemical requirements for operation. Among the functionalities 
capable of forming chemical binding with nitro-containing organic compounds can be included 
hydroxyl (-OH), amino (-NH 2 ). phosphine 
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(-PH 2 ) and -SH. The functionality can also be a substituted amino (-NR,) where R can be an 
alkyl group such as a C, to C 6 alkyl group, or an N-containing heterocyclic such as pyridine or 
imidazole or may be ethylene diamine. 

There may also be metal complexes attached to the cyclodextrin material such as 
5 lanthanide complexes for enhanced chemical binding or bonding with CW agents. 

The layer of cyclodextrin derivative can generally consist of a single thin layer, e.g., a 
single monolayer, of the cyclodextrin-derivative material or can include multiple layers of the 
cyclodextrin-derivative material. Multiple layers may in some instances be preferred to 
enhance sensitivity of the cyclodextrin derivative material by providing additional inclusion 
10 sites and/or binding sites. In multiple layers, additional thin layer of the cyclodextrin-derivative 
material can be chemically bound upon bonding sites in each prior layer of the cyclodextrin- 
derivative material. There is generally no limit to the number of layers that can be employed 
although usually the number of layers will be from about 1 to about 100. In other instances, thin 
layers of the cyclodextrin derivative material resulting from a single monolayer or only a few 
15 single layers to obtain a good signal. For example, with high frequency acoustic resonators or 
with optical waveguides, careful molecular control during assembly of the microsensor may be 
necessary. Such molecular control can result in a single monolayer of the cyclodextrin 
derivative material with good response to a target material. Thicker films of the cyclodextrin 
derivative material may either result in loss of any detectable signal or change the response time 
20 to too slow. Generally, individual monolayers are on the order of about 2 nanometers (nm) to 
about 2.5 nm in thickness. Multiple layers may total up to about 1 micron in thickness. 

The present chemical microsensors including the cyclodextrin-derivative material are 
useful for detection of nitro-containing organic compounds such as, e.g., nitrobenzene (NB), 
dinitrobenzene (DNB), trinitrobenzene (TNB), hexanitrobenzene (HNB), nitrotoluene (NT), 
25 dinitrotoluene (DNT). and the like or detection of CW agents, decomposition products of CW 
agents, or precursor materials to CW agents. In some instances, the detected nitro-containing 
organic compound can serve as a signature compound for another particular explosive material, 
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e.g., nitrotoluene. dinitrotoluene or trinitrobenzene can serve as a signature compound for 
trinitrotoluene (TNT) which has a low volatility. In other instances, simulants of a material 
desired to be detected (e.g., simulants of CW agents) are tested instead of the material itself for 
obvious safety reasons. Exemplary simulants for CW agents include chloroethyl ethyl sulfide 

5 as a simulant for mustard gas and dimethoxy methyl phosphate as a simulant for sarin 
(methylphosphonofluoride acid, isopropyl ester) nerve gas. Measurements of frequency 
responses in chemical microsensors, e.g., surface acoustic wave devices incorporating the 
cyclodextrin-derivative material, have shown responses to nitrobenzene of two to three orders 
of magnitude higher in frequency shift than similar chemical microsensors incorporating the 

10 same or other cyclodextrin-derivatives have shown for chlorinated hydrocarbons and aromatic 
organic compounds. Detection of nitro-containing organic compounds are capable at levels as 
low as 10 to 100 parts per billion (ppb) of the selected nitro-containing organic compound 
using a single monolayer. By use of only a single monolayer of selected cyclodextrin- 
derivative material even lower detection limits down to less than 1 part per billion may be 

15 achieved. Proper selection of the chemical modification of the cyclodextrin-derivative material 
may control the ultimate sensitivity. Use of multiple layers of the cyclodextrin-derivative 
material may also allow for greater sensitivity, i.e., lower detection limits. Measurements of 
these same target materials (a nitro-containing organic compound such as nitrobenzene, or 
nerve gas simulants and mustard gas simulants) against reference films prepared from self- 

20 assembled thin films of an alkane (H 39 C, 8 SiCl 3 ) or a perfluorinated alkane 
(CF 3 (CF 2 ) 7 CH 2 CH : SiCl 3 ) on a SAW device show a negligible response. 

Cyclodextrins are linked D-glucopyranose units with a-cyclodextrin, P-cyclodextrin, y- 
cyclodextrin being composed of 6, 7, or 8 units, respectively, the units linked into a circular 
arrangement. Accordingly, the internal diameter of each of a-cyclodextrin, P-cyclodextrin, y- 

25 cyclodextrin varies from the others, a-cyclodextrin has a cavity size or internal diameter of 
about 4.7 to 5.2 Angstroms (A), p-cyclodextrin has an internal diameter of about 6.0 to 6.5 A, 
and y-cyclodextrin has an internal diameter of about 7.5 to 8.5 A. 



BNSDOCID: <WO 9822795A1_L> 



WO 98/22795 



PCT/US97/21519 



The term "cyclodextrin derivative" refers to a cyclodextrin modified to include another 
functional group. This can be accomplished by the addition of other functional groups, e.g., a 
cyclodextrin wherein a hydrogen atom of one or more primary or secondary hydroxyl groups 
therein has been substituted by, e.g., a carboxyl group, a carboxyl alkyl group, a carboxylaryl 
group, an alkyl group, e.g., either a lower alkyl such as a C, to C 4 group or a longer chain 
aliphatic containing from about 8 to about 22 carbons, a hydroxyalkyl group, and the like. A 
hydroxyl group can also be modified by conversion to an amino group. Modification of a 
cyclodextrin can alter the length and size of the internal cavity or alter the chemical 
compatibility or binding properties of the particular cyclodextrin derivative with a nitro- 
containing organic compound or with a CW agent. For enhanced detection of CW agents such 
as sarin, modification of the cyclodextrin may preferably include formation of a metal complex 
ion such as a lanthanide complex. 

A synthetic scheme or self-assembly scheme useful in practicing the present invention 
can include the following. In a cyclodextrin derivative, a secondary hydroxyl group can be 
reacted to convert the hydroxyl group to an ester group (OR). R in such an ester group can be 
an alkyl group, preferably a C, to C 4 alkyl group or substituted C, to C 4 alkyl group, an aryl 
group, preferably a phenyl or substituted phenyl, or a sulfonic group and the like. R can also be 
a carbonyl group such as R,C(=0> with R, being, e.g., hydrogen, an alkyl group, preferably a 
C, to C 4 alkyl group or substituted C, to C 4 alkyl group, or an aryl group, preferably a phenyl or 
substituted phenyl. Suitable groups for R can include: carboxyl groups wherein R, is methyl, 
ethyl, propyl, butyl, hydroxyethyl, hydroxypropyl, benzyl, and the like; alkyl groups such as 
methyl, ethyl, propyl, butyl, hydroxyethyl, hydroxypropyl, benzyl, and the like; or, aryl groups, 
such as phe nyl and the like. The resultant derivative can be linked through a linker agent after 



the linker agent is initially reacted to the oxide surface of a substrate. Orientation of the 
cyclodextrin cavity can thus be accomplished. Reaction with potassium hydroxide and 
methanol can restore a secondary hydroxyl functionality and the steps can be repeated to build 
up a multilayer structure with oriented cyclodextrin functionality. 
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For example, monolayers of both asymmmetric a- and p-cyclodextrin benzoate 
derivatives can be successfully attached to an oxide surface through covalent bonds via a linker 
agent. Covalent bonding between the cyclodextrin-derivative material and the linker material 
and between the linker material and the substrate surface provides high stability to the resultant 
5 chemical microsensor. Surface properties of the cyclodextrin derivative such as relative 
hydrophilicity or hydrophobicity can be chemically tailored. Such tailoring of the properties 
can change the selectivity and/or strength of chemical binding of the cyclodextrin derivative to 
target nitro-containing organic compounds or CW agents. 

Multilayers of the cyclodextrin derivative can be built up by attaching a linker agent to 
10 surface hydroxyl groups, whether original cyclodextrin hydroxy 1 groups or subsequently 

generated hydroxyl groups. The construction of such multilayered cyclodextrin derivatives can 
be in a fashion referred to as self assembly. 

In addition to covalent bonding to the oxide surface, such a step by step supramolecular 
self assembly technique offers molecular level manipulation of the nanostructure of the 
15 resultant material, e.g., in the orientation of the cyclodextrin derivatives. As both the a- and fi- 
cyclodextrin secondary hydroxyl groups can be blocked by reaction to form benzoate groups, 
the building blocks of the cyclodextrin derivatives can easily be assembled with a molecular 
orientation ensuring that the cyclodextrin "bucket" faces outward from the initial oxide surface 
of the substrate thereby enhancing the response time in the formation of the inclusion 
20 complexes. Other functionalities attached to the secondary hydroxyl groups of the cyclodextrin 
may control access to the "bucket" or cavity of the cyclodextrin. 

Cyclodextrins are commercially available, e.g., from Sigma Chemical Co., St. Louis, 

Missouri and from Aldrich Chemical Co., Inc., Milwaukee, Wisconsin. 

The substrates in the presently described invention are generally materials such as 
25 quartz, silicon, zinc oxide, zirconium oxide, tin oxide, indium-tin oxide, titanium oxide and 
lithium niobate. The substrates can be a part within a device such as a SAW device, a Lamb 
wave device, or an optical transducer, e.g., a waveguide device such as a Mach-Zehnder 
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interferometer. The substrate may also be in the form of, e.g.. beads or the like for use as a 
separation media. 

In the process of forming articles or devices including a substrate with an oxide surface 
layer and the layer of a cyclodextrin-dtrivr.tive material, a linking agent is employed between 

5 the oxide surface layer of the substrate and the cyclodextrin-derivative material. Among useful 
linking agents can be included those of the formula Br(CH 2 ) x Si(OR) 3 where x is an integer from 
about 6 to about 1 8, preferably an integer from about 12 to about 1 8 ; more preferably an integer 
from about 16 to about 1 8, and R is selected from among methyl, ethyl, propyl and the like or 
chlorine. Another class of suitable linking agents include the formula Br(CH 2 ) x OH where x is 

10 an integer from about 6 to about 1 8, preferably an integer from about 12 to about 18, more 
preferably an integer from about 16 to about 18. Yet another class of suitable linking agents 
include alkenylsilanes such as 5-hexenyltrichlorosilane, 7-octenyltrichlorosilane and the like. 

The linking agent is reacted initially with the oxide surface layer of the substrate to form 
an intermediate product which is then subsequently reacted with the desired cyclodextrin- 

15 derivative material. Optionally, the linking agent may be initially reacted with the 

cyclodextrin-derivative material to form an intermediate product which may subsequently be 
reacted with the oxide surface layer of the substrate. After formation of the initial layer of 
cyclodextrin-derivative material upon the substrate, a subsequent layer of the cyclodextrin- 
derivative material can be linked through additional linking agents linked to, e.g., a hydroxyl 

20 functionality of the first cyclodextrin-derivative material layer. Alternatively, a subsequent 
layer of the cyclodextrin-derivative material can be linked directly to, e.g., a hydroxyl 
functionality of the first cyclodextrin-derivative material layer. 

The senso r devices of the present invention can be acoustic wave devices or optical 

transducers. Typically, acoustic wave devices are an arrangement of input and output 

25 interdigital transducers formed on a piezoelectric substrate such as quartz or lithium niobate. 
The input transducer, upon application of an alternating voltage, generates an alternating 
mechanical strain field because of the piezoelectric nature of the substrate. The alternating 
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mechanical strain field launches an acoustic wave which if the wave travels along the substrate 
surface is called a surface acoustic wave (SAW) and if the wave travels through the bulk of the 
substrate is called an acoustic plate mode (APM). The acoustic wave interacts with a thin film 
formed on the device surface and is then reconverted into an electrical signal by the output 
5 transducer. 

The velocity of the wave can be easily determined by operating the device as the 
feedback element of a oscillator circuit using an RF amplifier. Relative changes in frequency 
(f) can be directly related to relative changes in wave velocity (v). In situations where the 
velocity shift (Dv) is dominated by changes in the mass density of the film (m, mass/area), 
10 these frequency changes (Df) can be directly related to changes in mass density by: 

Df/fe^Dv/v^-cJein, 

where c m is a mass sensitivity constant which depends on the piezoelectric substrate, and the 
subscript V indicates the unperturbed velocity or frequency. 

Identification of species within a liquid or aqueous environment can be better achieved 

15 with an APM or Lamb wave device, which are each more effective in liquids than SAW 
devices which are highly attenuated by liquids contacting the device surface. 

Lamb waves propagate through materials of finite thickness. In contrast to a surface 
acoustic wave, which requires a propagation medium having a thickness on the order of tens to 
hundreds of times the wavelength of the surface acoustic wave propagating therethrough, Lamb 

20 waves require a propagation medium which is at most only several wavelengths in thickness. 

Lamb wave sensors generally operate in a frequency range of from about 1 MHz to 
about 200 MHz, while SAW sensors generally operate in frequency range of from about 10 
MHz to about 2,000 MHz. The lower-frequency operation of Lamb wave sensors can be more 
convenient in terms of costs for associated electronic equipment such as frequency counters and 

25 feedback amplifiers. Lamb devices are well known and are described, e.g., in U.S. Patent Nos. 
5,212,988, 5,189,914 and 5,129,262. 
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Suitable optical transducer devices can be, e.g.. a Mach-Zehnder interferometer wherein 
the cyclodextrin-derivative is attached to an oxide surface of one arm of a split waveguide. 
After formation of any inclusion complexes, a refractive index change would result. The 
change in refractive index would be measured by a phase shift comparison between the light in 

5 the two arms of the interferometer, one arm coated with the selective film and one arm 
uncoated, thus allowing for determination and detection of selected chemical species. 
Generally, use of an optical transducer may allow for a more sensitive detection limit than by 
use of an acoustic wave device such as a SAW device or a Lamb wave device. Moreover, the 
response of SAW type devices and optical waveguide devices will generally be different for 

10 particular chemical species thereby providing complementary information about the identity of 
the chemical species. 

In operation, a surface acoustic wave is launched by applying a rf potential to the source 
transducers, e.g., source metal interdigital transducers. 

Such a SAW resonator device sets up a resonating cavity in operation and such a SAW 

15 resonator device is available (without coating) from, e.g., MicroSensors Systems, Inc., as, e.g., 
an SAW-SR 200A (a 200 MHz on ST quartz). In operation, using both a coated and uncoated 
resonator device for comparison, a surface acoustic wave is launched by applying a rf potential 
to the source transducers of the respective resonators, e.g., source metal interdigital transducers. 
The wave transverses the surface of the piezoelectric quartz through the respective uncoated 

20 and coated resonators and the wave is then converted back to an electrical signal at the pick up 
transducers, e.g., pick up metal interdigital transducers. The respective electrical signals are 
passed through a mixer and a frequency shift is obtained. As the cyclodextrin coating changes 
in weight due to inclusion of or chemical binding to, e.g., nitro-containing organic compounds 
or CW agents, the frequency shift will change. 

25 Formation of a chemical separator in the present invention involves securing a 

cyclodextrin derivative material onto a suitable substrate, e.g., a quartz substrate, having a 
oxide surface to facilitate chemical bonding through, e.g., a linking agent. The resultant device 
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can function as a chemical separator for nitro-containing organic compounds by forming 
reversible complexes with selected nitro-containing organic compounds such as nitrobenzene 
and the like. After initial formation of the inclusion complex, reversal can be accomplished, 
e.g., by varying the temperature up to about 60°C thereby yielding a separation of the particular 

5 nitro-containing organic compounds from the chemical separator. 

Other potential applications of the chemical microsensors of the present invention 
include use in process monitoring for industrial chemicals, use in toxic organic compound 
monitoring of gas phases for safety, use in environmental monitoring of storage tank leaks, or 
use in monitoring of sensitive areas such as airports for restriction of terrorist activities. 

10 The present invention is more particularly described in the following examples which 

are intended as illustrative only, since numerous modifications and variations will be apparent 
to those skilled in the art. 

All reagents were purchased from commercial sources except for cyclodextrin- 
derivatives. All syntheses were carried out under an inert atmosphere. Examples A-N relate to 

15 the preparation of various cyclodextrin derivatives. NMR spectra were obtained on a Brucker 
250 MHz spectrometer. 



20 Example A 

Heptakis(2-0-methyl)-p-cyclodextrin was prepared as follows, (i-cyclodextrin from 
Aldrich was purified by recrystallization from water and methanol and dried in vacuum. P- 
cyclodextrin (1 g, 0.88 mmol) was dissolved in 10 ml freshly distilled dimethyl sulfoxide 
(DMSO). Sodium hydride (60% dispersion in mineral oil, 0.246 g, 6.16 mmol) was added . 

25 The mixture was stirred at room temperature for about 7 hours. Methyl iodide (0.87 g, 0.38 ml) 
was added and the solution was stirred for 12 hours. The volatile materials were removed in 
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vacuum and the oily residue was extracted with methanol to give 0.75 g of white solid, which 
was characterized by NMR and IR spectroscopy as the desired cyclodextrin. 

Example B 

5 Preparation of heptakis(2-0-ben2yl)-P-cyclodextrin was prepared as follows. 

P-cyclodextrin (1 g, 0.88 mmol) and sodium hydride (60% dispersion in mineral oil, 0.264 g, 
6.1 6 mmol) were placed in a Schlenk flask and the flask was evacuated and filled with nitrogen 
three times. Freshly distilled DMSO (1 0 ml) was added and the mixture was stirred at room 
temperature at room temperature for 1 5 hours. The resulting sticky solution was treated with 

10 benzyl chloride (0.71 ml) and the solution was stirred for 24 hours. The solution was 

concentrated to about 10 ml. Acetone was then added to precipitate a solid. After filtration, the 
solid was extracted with methanol to give a white solid (yield: 0.72 g). The compound was 
characterized with NMR spectroscopy. 

Example C 

15 Hexakis(2-0-methyl)-a-cyclodextrin was prepared as follows. All syntheses were 

carried out under an inert atmosphere, a-cyclodextrin from Aldrich was purified by 
recrystallization from water and methanol and dried in vacuum, a-cyclodextrin (1.1 g, 1.13 
mmol) was dissolved in 40 ml freshly distilled DMSO. Sodium hydride (60% dispersion in 
mineral oil 0.247 g, 6.79 mmol) was added . The mixture was stirred at room temperature for 

20 about 1 5 hours. Methyl iodide (0.96 g, 0.42 ml) was added and the solution was stirred for 24 
hours. The volatile materials were removed in vacuum and the oily residue was extracted with 
methanol to give 0.60 g of white solid, which was characterized by NMR and IR spectroscopy 

as.the_desired_cy_clodextriiL 
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Example D 

Hexakis(2-0-benzyl)-a-cyclodextrin was prepared as follows, a-cyclodextrin (1 g, 0.97 
mmol) and sodium hydride (60% dispersion in mineral oil, 0.247 g, 6.79 mmol) were placed in 
5 a Schlenk flask and the flask was evacuated and filled with nitrogen three times. Freshly 
distilled DMSO (40 ml) was added and the mixture was stirred at room temperature at room 
temperature for 15 hours. The resulting sticky solution was treated with benzyl chloride (0.71 
ml) and the solution was stirred for 24 hours. The solution was concentrated to about 10 ml. 
Acetone was then added to precipitate a solid. After filtration, the solid was extracted with 
10 methanol to give a white solid (yield: 0.65 g). The compound was characterized with NMR 
spectroscopy. 

Example E 

Heptakis(2-0-amino)-P-cyclodextrin was prepared as follows. Hexakis(2-0-amino)-p- 
15 cyclodextrin may be prepared from heptakis(2-0-tosyl)-P-cyclodextrin and sodium azide in 
dimethylformamide (DMF). The resulting heptakis(2-0-azido)-p-cyclodextrin could be 
reduced to hexakis(2-0-amino)-P-cyclodextrin. 

Example F 

Hexakis(2-0-amino)-a-cyclodextrin was prepared as follows. Hexakis(2-0-amino)-a- 
20 cyclodextrin may be prepared from hexakis(2-0-tosyl)-a-cyclodextrin and sodium azide in 
DMF. The resulting hexakis(2-0-azido)-a-cyclodextrin could be reduced to hexakis(2-0- 
amino)-a-cyclodextrin. 

Example G 

Heptakis(2,3-di-0-methyl)-P-cyclodextrin was prepared as follows. All syntheses were 
25 carried out under an inert atmosphere. Heptakis(6-0-tert-butyldimethylsilyl)-P-cyclodextrin 
(0.37 g. 0.20 mmol) and sodium hydride (60% dispersion in mineral oil. 0.2 g) were dissolved 
in 15 ml freshly distilled DMF. The mixture was stirred at room temperature for about 2 hours. 
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Methyl iodide (2 ml) was added and the solution was stirred for 15 hours. The reaction was 
quenched with 20 ml H : 0 and 20 ml methylene chloride. The organic phase was separated and 
dried over MgS0 4 to give an oily residue. This residue was then dissolved in tetrahydrofuran 
(THF) and treated with an 1M THF solution of t-Bu 4 NF (2 ml). After two hours, THF was 
removed in vacuum and the residue was treated with methylene chloride and water. The 
organic phase was separated and dried over MgS0 4 to give 100 milligrams (mg) of white solid. 
This material allows determination of the effectiveness of such cyclodextrin materials without 
the hydrogen bonding potential from the hydroxyl groups. 

Example H 

Heptakis(2.3-di-0-benzyl)-P-cyclodextrin was prepared as follows. Heptakis(6-0-ten- 
butyldimethylsilyl)-P-cyclodextrin (0.37 g, 0.20 mmol) and sodium hydride (60% dispersion in 
mineral oil. 0.2 g) were dissolved in 15 ml freshly distilled DMF. The mixture was stirred at 
room temperature for about 2 hours. Benzyl chloride ( .28 g, 2.2 mmol) was added and the 
solution was stirred for 15 hours. The reaction was quenched with 20 ml water and 20 ml 
methylene chloride. The organic phase was separated and dried over MgS0 4 to give white 
solid (220 mg). This solid was then dissolved in THF and treated with an 1M THF solution of 
tBu 4 NF (2 ml). After two hours, THF was removed in vacuum and the residue was treated with 
CH,CKand H,0. The organic phase was separated and dried over MgS0 4 to give 150 mg white 
solid. 

Example I 

Preparation of P-cyclodextrin lanthanide complexes is as follows. Mono(2-0- 
ethylenediamine)-(J-cyclodextrin lanthanide complexes may be synthesized as follows: p- 
c v clodextrin (1 g, 0.88 mmol) is dissolved in 10 ml freshly distilled DMSO. Sodium hydride 
(60% dispersion in mineral oil. 0.246g, 6.16 mmol) was added . The mixture is stirred at room 
25 temperature for about 7 hours. Tosyl chloride (1 mmol) is added and the solution is stirred for 
12 hours. The volatile materials are removed in vacuum and the oily residue is extracted with 
methylene chloride to give mono(2-0-tosyl)-(J-cyclodexmn. Mono(2-0-tosyl)-P-cyclodextrin 



15 



20 
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(0.5 mmol) is dissolved in 10 ml DMF and treated with ethylenediamine (2 mmol) in DMF. 
The resulting mono(2-0-ethylenediamine)-|J-cyclodextrin (0.2 mmol) is treated with 3 
equivalent of Ln(N0 3 ) x in H,0 to give the desired product. 

Example J 

Preparation of tetra(0-hydroxyethyl)-t-butyl-calixl4]arene was as follows. Tetra(0- 
ethyl acetate)-t-butyl-calix[4]arene (3 g, 3 mmol) was dissolved in 20 ml freshly distilled THF. 
LiBH in THF (2M, 9 ml) was added, followed by dropwise addition of methanol ( 0.8 ml). The 
solution was refluxed for 2 hours and was treated with aqueous HC1 solution (0.1 M). The 
organic phase was extracted with methylene chloride and dried over MgSO, with a yield of 2.3 
grams. 'HNMR (CDC1,): 6.85. 4.36. 3.23, 4.00. 3.99. 1.09 ppm. 

Example K 

Heptakis(6-0-8-octene-l-enyl)-P-cyclodextrin was prepared as follows. 1 g of dried 0- 
cyclodextrin was dissolved in 25 ml of anhydrous dimethyl sulfoxide. To the solution was 
added 0.25 g of powdered sodium hydroxide and the mixture was stirred for one hour at room 

15 temperature. To the stirred solution, was added 1 .03 ml of 8-Bromo-l-octene dropwise. 
Stirring was continued for 48 hours at room temperature. Sodium bromide and unreacted 
sodium hydroxide were separated from the reaction mixture by filtration and the solvent was 
removed subsequently under vacuum. The residue was dissolved in 10 ml methanol and the 
product was precipitated by adding 100 ml of diethyl ether. The crystalline product was 

20 separated by suction filtration and was dried under vacuum. 

Example L 

Heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl)-|i-cyclodexirin was prepared as follows. 

Heptakis(6-0-8^ctene-4^en y J)^cyclod e xtrin iQ3_g ) was dissolved in 25 ml of anhydrous 

dimethyl formamide. Sodium hydride (0.15 g) was added under a nitrogen atmosphere. The 
mixture was stirred for 2 hours at room temperature. Methyl iodide (0.123 ml) was added 
slowly at 20 °C. After stirring for 30 minutes, another 0.123 ml of CH,1 was added to the 
reaction mixture. After stirring for one hour the reaction mixture was decanted from unreacted 
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sodium hydride and was carefully poured into 200 ml of water. The aqueous phase was 
extracted three times with 70 ml of chloroform. The combined organic portions were washed 
three times with water and dried over anhydrous MgS0 4 . The crude product was purified by 
gel chromatography on Sephadex resin. 

5 Example M 

A cyclodextrin-siloxane polymer was prepared via hydrosilylation as follows. 
Poly(methylhydrosiloxane) (20 (il) from Aldrich Chemical Co. was dissolved in 20 ml of dried 
toluene. 30 (il of 1 -hexene was added to the solution and to the refluxing mixture a few drops 
of H-JPtCl 6 in anhydrous tetrahydrofuran was added at intervals of 2.5 hours each. After 24 

10 hours, heptakis(2 J-0-dimethy]-6-C?-8-octene-l-enyl)-P-cyclodextrin (0.2 g) was added to the 
mixture and the solution was stirred for another 24 hours. The solvent was removed and the 
resultant product was extracted by petroleum ether and dried under vacuum. 

Example N 

Another cyclodextrin -siloxane polymer was prepared via hydrosilylation as follows. 
15 Poly(methylhydrosiloxane) (20 \x\) from Aldrich Chemical Co. was dissolved in 20 ml of dried 
toluene. Heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl>P-cyclodextrin (0.15 g) was added to 
the solution, followed with the addition of a few drops of H 2 PtCl 6 in anhydrous tetrahydrofuran 
at intervals of 2.5 hours each. The solution was refluxed overnight. 

Example 1 

20 Monolayer formation of heptakis(2-0-Methyl)-p-cyclodextrin on a SAW transducer 

with a siloxane linker was as follows. A surface acoustic wave (SAW) device was rinsed with 
acetone and chloroform and cleaned in a plasma cleaner for 10 min. The device was then 
immersed in a toluene solution of bromoundecyltrimethoxysilane (2% v/v in toluene) for 24 
hours under nitrogen. The device was then rinsed thoroughly with toluene and chloroform. 

25 The device was then immersed into a N-methyl-pyrroIidinone solution (1 0 ml ) containing 

KOCN (22 mg) and heptakis(2-0-methyl)-p-cyclodextrin (24 mg). The solution was heated at 
75°C for 1 5 hours. The SAW device was rinsed with chloroform. 
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Example 2 

Monolayer formation of hexakis(2-0-benzyl)-a-cyciodextnn on a SAW transducer with 
an ether linker was as follows. A surface acoustic wave (SAW) device was rinsed with acetone 
and chloroform and cleaned in a plasma cleaner for 10 minutes. The device was then immersed 
in a neat 12-bromododecanol at 100'C for 24 hours under nitrogen. The device was then rinsed 
thoroughly with chloroform. The device was then immersed into a N-methyl-pyrrolidinone 
solution (10 ml ) containing KOCN (22 mg) and heptakisa-O-benzyl^yclodextrin (24 mg). 
The soluuon was heated at 75«C for 15 hours. The SAW device was rinsed with chloroform 

Example 3 

Monolayer formation of long alkyl chains on a SAW transducer was as follows. 
Three different SAMs (self assembled monolayers) were formed to passivate the surface of SAW 
devices. Long alkyl chain compounds of octadecanoi, octadecyltrimethoxylsiiane and 
heptadecafluoro-1 ,1^-tetrahydrodecyltriethoxysUane were used to form the self assembled 
monolayers through either siloxane or ether linkages. A typical procedure was as follows: 
15 octadecvitrimethoxylsilane (0.2 ml) was dissolved in 10 ml toluene and a freshly cleaned SAW device 
(rinsed with chloroform and plasma cleaned for 10 minutes) was immersed in the solution. Afterone 
day, the SAW device was cleaned first with chloroform, then with acetone and then air-dried. An 
octadecanoi monolayer was prepared by immersing a freshly cleaned SAW device into a neat 
octadecanoi solution at 100 °C for 3 days. The device was washed with chloroform and ethanol. 
20 The bar chart of FIG. 5 shows the results of various SAW measurements. The results 

indicate that the octadecyltrichlorosilane film coated SAW device is less sensitive to 
nitrobenzene than those SAW devices coated with a film of heptadecafluorotetrahydrodecyl, 

" octa d e canol. heptaE ^ ^memyO-be m^cyciodextrim^ 

cyclodextrin. Such a passivated surface can serve as a good comparison for other 
25 measurements. 
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Example 4 

Monolayer formation of tetra-(0-hydroxyemyl)-t-butyl-calix[4]arene on a SAW 
transducer was as follows. A surface acoustic wave (SAW) device was rinsed with acetone and 
chloroform and cleaned in a plasma cleaner for 10 minutes. The device was then immersed in a 
toluene solution of bromoundecyltrimethoxysilane (2% v/v in toluene) for 24 hours under 
nitrogen. The device was then rinsed thoroughly with toluene and chloroform. The device was 
then immersed into a N-methyl-pyrrolidinone solution (10 ml) containing KOCN (22 mg) and 
tetra-(ethyl-0-acetate)-t-butyl-caiix[4]arene (24 mg). The solution was heated at 75°C for 1 5 
hours. The SAW device was rinsed with chloroform. 

Example 5 

Formation of a cyclodextrin-containing polymer thin film on a SAW transducer was as 
follows. A 250 Hz SAW device was cleaned by rinsing with acetone and irradiated with an O- 
j/UV cleaner. The freshly cleaned device was placed in a toluene solution containing the 
cyclodextrin-siloxane polymer (9 millimoles) of example M. The SAW device was then slowly 
pulled out of the solution and the device was placed under a strong nitrogen stream. The mass 
loading resulted in a frequency shift of about 500 KHz. 

Example 6 

Fabrication of a covalent bonded cyclodextrin-siloxane polymer thin film on a SAW 
device was as follows. The process consisted of two steps. First, a SAW device was rinsed 
with acetone and cleaned with an 0 3 /UV. The device was then immersed in a solution 
including 5 millimoles of 5-hexenyltrichlorosilane in bicyclohexyl/carbon tetrachloride (9:1; 
volume to volume(v:v)) for one hour. The device was rinsed extensively with chloroform and 
dried in air. The cyclodextrin-siloxane polymer was prepared from poly(dimethylsiloxane) 
which contained about 30% Si-H groups (20 pi) and heptakis(2,3-0-dimethyl-6-0-8-octene-l- 
enyl)-(i-cyclodextrin (0.2g) in 20 mL toluene. The reaction took 24 hours with the addition of a 
few droDS of the catalyst H : PtCl 6 in anhydrous tetrahydrofuran added at 2.5 hour intervals. The 
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SAW device was then placed in the solution. The solution was kept at 1 1 0 °C for another 24 
hours. The SAW device was washed thoroughly with toluene and sonicated in toluene. The 
mass-loading resulted in a frequency shift of about 100 KHz. 

Example 7 

5 Fabrication of a covalent bonded cyclodextrin-siloxane polymer thin film on a SAW 

device was as follows. The process consisted of two steps. First, a SAW device was rinsed 
with acetone and cleaned with an 0 3 /UV. The device was then immersed in a solution 
including 3milIimoles of 5-hexenyltrichlorosilane in bicyclohexyl/carbon tetrachloride (9:1; 
v:v) for one hour. The device was rinsed extensively with chloroform and dried in air. The 

10 device was then immersed in the above prepared polymethylhydrosiloxane-cyclodextrin 

solution of example N. The solution was refluxed for 24 hours with the addition of a few drops 
of the catalyst H 2 PtCl 6 in anhydrous tetrahydrofuran at 2.5 hour intervals. The SAW device was 
then placed in the solution. The solution was kept at 1 10 °C for another 24 hours. The SAW 
device was washed thoroughly with toluene and sonicated in toluene. The mass-loading 

15 resulted in a frequency shift of about 1 00 KHz. 

The above SAW device was exposed to o-nitrotoluene (NT), a TNT surrogate. The 
device was found to detect o-nitrotoluene as low as 600 ppt with a response of 10 Hz. In 
Fig. 10. a real time response of the device to o-nitrotoluene at several concentrations is shown. 

Example 8 

20 Detection of simulants of explosives and CW agents 
SAW Measurements 

Two C W agent simulants were tested with the self assembled monolayer SAW sensors. 
DMMP has been widely used as nerve agents simulant for decontamination and sensor studies. 
Chloroethyl ethyl sulfide (CEES) has also been used as mustard gas simulant for decon study. 
25 In FIG. 1 , a real time response of a heptakis(2-0-methy!)-(}-cyclodextrin (from example 1 ) 

monolayer SAW device towards 23 ppm chloroethyl ethyl sulfide is shown. It can be seen that 
adsorption of CEES took a while to saturate the monolayer film and to desorb from the surface, 
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which resulted in a peak-like response. Similar response peaks were observed for polymer 
coated SAW devices for organophosphorus compounds. The SAW sensitivity at 23 ppm CEES 
concentration is 15 Hz/ppm. With the same device, a response of 27 Hz was observed towards 
2.3 ppm CEES. Also tested was a SAY- 7 device coated with octadecanol SAM (example 3) for 

5 sensing CEES, but no SAW response was observed at 23 ppm CEES. 

FIG. 2 shows a comparison of sensitivities of a cyclodextrin monolayer SAW device for 
detecting CW agent simulants and halogenated hydrocarbons. It can be seen that the sensor 
coated as in example 1 was very sensitive towards CW agents simulants. The strong affinity of 
the cyclodextrin hosts toward DMMP and CEES can be attributed to the higher sensitivity. 

10 In FIG. 3, sensor responses of three different monolayer SAW devices (coated as in 

examples 1. 2 and 3) toward perchloroethylene, dimethoxy methyl phosphonate ¥ and chlorethyl 
ethyl sulfide are presented. In the graph, the leftmost bar is for a SAW device with the coating 
as in example 1, the center bar is for a SAW device with the coating as in example 2 and the 
rightmost bar is for a SAW device with the coating as in example 3. These devices are quite 

15 sensitive toward DMMP with example 2 showing as the most sensitive. It was considered a 
surprise that the device with C I8 H 33 monolayer (from example 3) had such a response toward 
DMMP. While not wishing to be bound by the present explanation, it is believed that some 
organic species are capable of intercalating between such long alkyl chains. In the case of 
CEES, however, the SAW device with methylated P-CD (from example 1) is extremely 

20 sensitive and the detection limit as mentioned before, is 2.3 ppm. 

FIG. 4 shows a real-time response of a SAW sensor (from example 1 ) to (A) 1 50 ppb 
nitrobenzene in Argon with sensitivity of about 100 Hz/ppm and (B) 1.5 ppm nitrobenzene in 

Argon with sensitivity of about 97 Hz/ ppm. 

The sensing ability of the above fabricated devices were measured on explosive 

25 simulant (nitrobenzene) and CW agent simulants (dimethoxy methyl phosphonate and 

chloroethyl ethyl sulfide). Vapors of these simulants were generated and/or diluted to a certain 
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concentration with a vapor generator. The sensitivity and detection limits of the chemical 
sensors are tabulated below. 



Table 1 

Nitrobenzene DMMP Chloroethyl Ethyl Sulfide 

Example 1 lOOHz/ppm 8Hz/ppm 12Hz/ppm 

Example 2 20Hz/ppm lOHz/ppm SHz/ppm 



The above results demonstrate that upon exposure to the nitro-containing organic 
compound the cyclodextrin derivative coated SAW resonators of this invention responded both 
quickly (a matter of seconds) and reversibly as shown, e.g., in FIG. 4. Further, the results 
demonstrate that a chemical sensor including an active responsive material of a cyclodextrin 
15 derivative can detect the presence of volatile organic species in a real time situation and that 
such the active responsive material of such a sensor operates reversibly. 

The self assembled SAW sensor of example 5 was tested for sensing nitrobenzene and 
the results are shown in FIG. 6. The response to the nitrobenzene was found to be nonlinear, 
i.e.- at low concentrations the SAW device was much more sensitive. This result is shown in 
20 FIG. 7. The self assembled SAW sensor of example 7 was tested for sensing o-nitrotoluene and 
the results are shown in FIG. 8. 

For comparison, a SAW device was coated with only a siloxane polymer and compared 

coated only with the siloxane as seen in the results plotted in FIG. 9. The siloxane polymer 
->5 coated SAW device was found to have a detection limit of 6 ppm of nitrobenzene. 

EXAMPLE 9 
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Fabrication of a cyclodextrin-polysiloxane film was as follows. A SAW device was reinsed 
with acetone and cleaned with an 0 3 AJV cleaner. The device was then immersed in a solution 
including 3 millimoles of 5-hexenyltrichlorosilane (in one run) or 7-octenyltrichlorosilane (in 
another run) in bicyclohexyl/carbon tetrachloride (9:1; v:v) for one hour. The device was 

5 rinsed extensively with chloroform and dried in air. The device was then immersed in a 

polymethylhydrosiloxane (PMHS) solution in toluene. The solution was refluxed for 24 hours 
with the addition of a few drops of H : PtCl 6 in anhydrous THF at 2.5 hour intervals. The device 
was then washed with toluene and dried in air. To a toluene solution containing heptakis(2,3- 
0-dimethyl-6-0-8-octene-l -enyl)-b-cyclodextrin (example L) was immersed the above device. 

10 The solution was refluxed for 24 hours with the addition of H 2 PtCl 6 in anhydrous THF at 2.5 
hour interval. The SAW device was rinsed with toluene and dried in air. The same films were 
fabricated similarly on a silicon wafer for characterization purposes. The final film has the 
following IR characteristics: C-H vibrations: 2856 cm" 1 , 2879 cm 1 , 2925 cm" 1 and 2968 cm' 1 . 
Although the present invention has been described with reference to specific details, it is 

15 not intended that such details should be regarded as limitations upon the scope of the invention, 
except as and to the extent that they are included in the accompanying claims. 
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WHAT IS CLAIMED IS: 

1 . A method of detecting trace amounts of nitro-containing organic species within 

an environment comprising: 

placing a selective chemical sensor into an environment, said sensor including a 
substrate having an oxide surface layer thereon and a selective thin film of a cyclodextrin 
derivative chemically bound upon said substrate, said film adapted for the chemically bonding 
of a nitro-containing organic compound therewith, for a sufficient time wherein nitro- 
containing organic species can form complexes with said cyclodextrin derivative; 

measuring a change resulting from complexation of nitro-containing chemical species 
with said cyclodextrin derivative; and, 

correlating said measured change with a quantitative or qualitative output relating to 

said nitro-containing organic species. 

2. The method of claim 1 wherein said change is a weight change and 
measurement is by a surface acoustic wave device or lamb wave device including said 
selective thin film of a cyclodextrin derivative chemically bound upon a piezoelectric 

substrate of said device. 

3. The method of claim 1 wherein said change is an index of refraction change 
and measurement is by an interferometer device including said selective thin film of a 
cyclodextrin derivative chemically bound upon an optical surface of said device. 

4. The method of claim 1 wherein said detection is effective at detection 

limits of parts per billion. 
5 . The method of claim ? wherein said detection is effective at detection 



limits of parts per billion. 

6. The method of claim 3 wherein said detection is effective at detection 

limits of parts per billion. 

7. A chemical microsensor comprising: 

a substrate including an oxide layer; 
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a linking agent including a linear alkane chain containing from about 8 to about 
1 8 carbon atoms attached to said oxide layer; and, 

a cyclodextrin-derivative covalently bonded to said linking agent. 

8. The chemical microsensor of claim 7 wherein said cyclodextrin-derivative 
is covalently bonded to said linking agent through a urethane linkage. 

9. A chemical microsensor system comprising: 

a first sensing portion including a first substrate having a surface oxide layer 
thereon; 

a linking agent including a linear alkane chain containing from about 8 to about 
5 1 8 carbon atoms attached to said surface oxide layer of said first substrate; 

a cyclodextrin-derivative covalently bonded to said linking agent of first 
substrate; 

a second sensing portion including a second substrate having a surface oxide layer 
thereon; 

10 said linking agent including a linear alkane chain containing from about 8 to about 

18 carbon atoms attached to said surface oxide layer of said second substrate, said first 
and second sensing portions electronically linked so as to provide measurements of a 
system wherein said second sensing portion serves as a reference to said first sensing 
portion. 
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The above figure shows SAW frequency shifts (baseline corrected) resulting from exposure to 23 
pp m chloroethyl ethyl sulfide. Heptakis(2-0- m ethyl)-^clodextrin (example 1) was attached to 
the SAW surface. 
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Sensitivity (Hz/ppm) of a Heptakis(2-0-methyI)-p-cyclodextrin (example 1) 
monolayer SAW device towards PCE (perchloroemylene), TCA (1,1,1- 

trichloroethane), CTC (carbon tetrachloride), DMMP 

CEES (chloroethyl etfayl sulfide). 
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Real time responses of the CD siloxane polymer coated SAW device 
to nitrobenzene 
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CHEMICAL MICROSENSORS FOR DETECTION OF 
EXPLOSIVES AND CHEMICAL WARFARE AGENTS 

This application claims the benefit of U.S. Provisional Application No. 60/050,215 filed 
5 June 19, 1997 and U. S. Provisional Application No. 60/031,643 filed November 22, 
1996. 

FIELD OF THE INVENTION 
The present invention relates to chemical microsensor devices including a layer 

10 of a cyclodextrin-derivative and to a process for the detection of trace amounts of 
selected organic compounds including nitro-containing organic compounds (e.g., 
explosives) and/or chemical warfare agents. This invention is the result of a contract 
with the Department of Energy (Contract No. W-7405-ENG-36). 

BACKGROUND OF THE INVENTION 

15 The detection of nitro-containing organic compounds is necessary for finding 

unexploded ordnance or buried land mines or for finding the presence of explosive 
materials, e.g., hidden within airline luggage. Safety or security concerns over such 
explosive materials require improved monitoring and/or analysis for the detection of 
selected volatile nitro-containing compounds generally present as minor contaminants 

20 within common explosive compounds such as trinitrotoluene (TNT). While analytical 
techniques are available to detect the presence of many substances down to levels as low 
as parts per billion (ppb) or less, such analytical techniques generally require collecting a 
sample in the field, taking the sample to a laboratory, and analyzing the sample by, e.g., 
gas chromatography or mass spectroscopy. Such analysis requires sophisticated 

25 equipment that generally requires up to several days to obtain final results and such 
analysis is not generally suited to field use. Thus, present analytical techniques fail to 
provide any real-time information about the presence of nitro-containing organic 
compounds. 

Another category of materials sought to be detected on a real-time basis are 
30 chemical compounds used in chemical warfare generally referred to as chemical warfare 
agents (CW agents) such as nerve gas or blister agents. The detection of CW agents to 
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allow for protection of personnel or to allow for detection of suspected production sites is 
important. 

Much prior research has been directed to developing chemical sensors that can 
give more rapid feedback information. One example is U.S. Patent 5,151,1 10 wherein a 
5 sensor includes a piezoelectric substrate, preferably contained within a surface acoustic 
wave (SAW) device or a quartz crystal microbalance (QCM) device, and a coating, such 
as zeolite crystals in an inorganic silica matrix, applied to the substrate to selectively sorb 
chemical entities of a size less than a predetermined magnitude. While such a chemical 
sensor is useful, it is limited to materials that physically fit within the particular pore 

10 sizes of the zeolite crystals. 

U.S. Patent No. 4,860,573 describes a composite substrate intended for an 
apparatus for quantitative detection of, e.g., an organic component present in a gas or 
liquid. Cyclodextrin is described as one material for incorporation as an active site 
material into the composite substrate. However, there is no teaching or suggestion of 

15 multilayers of the active site material, nor is there any teaching or suggestion of using 
cyclodextrin derivatives or of forming oriented cyclodextrin derivative structures by the 
controlled assembly of such materials through layer by layer build up or addition. 

U.S. Patent No. 5,41 8,058, issued to Li et al. on May 23, 1995, describes 
chemical microsensors for the detection of selected organic compounds such as aromatic 

20 compounds, polyaromatic compounds, oxygen-containing organic compounds, and 
halogenated hydrocarbons. In the formation of the microsensor, a linking molecule of, 
e.g., bistrichlorosilylhexane, was used to covalently bond the sensing molecule, i.e., the 
cyclodextrin derivative, to the transducer surface. There is no teaching or suggestion of 
the detection or nitro-containing organic compounds with the disclosed chemical 

25 microsensors, nor any teaching or suggestion of asymmetrical linking agents for 
covalently bonding the cyclodextrin material to the transducer surface. 

It is an object of the present invention to provide a chemical sensor including a 
cyclodextrin derivative and a method of detecting nitro-containing organic compounds 
and/or CW agents, preferably in an on-site, real time process. 
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It is a further object of the invention to provide a chemical microsensor, including 
a cyclodextrin derivative, having sensitivity to detect low levels of such nitro-containing 
chemical compounds or CW agents, preferably at a sub-ppb level. 

It is a still further object of the invention to provide a reversible chemical 
5 microsensor including a cyclodextrin derivative. 

Yet another object of the present invention is to provide a chemical microsensor 
formed through a layer by layer build up process. 

Another object of the present invention is to provide a chemical microsensor 
formed through a layer by layer build up process using an asymmetrical bifunctional 
10 linking agent as one layer of the microsensor. 

Still another object of the present invention is a chemical microsensor system 
utilizing a reference sensor substantially identical to a cyclodextrin-derivative containing 
sensor except for the cyclodextrin-derivative material layer. 

Yet another object of the present invention is to form a chemical bond, i.e., a 
15 hydrogen bond between the cyclodextrin material and the target compounds. 

Yet a further object of the present invention is to provide asymmetrical 
functionalization on the top rim of a cyclodextrin, e.g., some hydroxy! functionalization 
plus some methoxy functionalization, leaving at least one functionality with hydrogen 
bonding potential. 
20 SUMMARY OF THE INVENTION 

To achieve the foregoing and other objects, and in accordance with the purposes 

ofthe presenHnventionras^mbodied^d^^ 

provides a chemical microsensor including a substrate including an oxide layer, a linking 
agent including a linear alkane chain containing from about 8 to about 1 8 carbon atoms 
25 attached to the oxide layer, and, a cyclodextrin-derivative covalently bonded to the 
linking agent. 

The present invention further provides a method of detecting trace amounts of 
nitro-containing organic species within an environment including placing a selective 
chemical sensor into an environment, the sensor including a substrate having an oxide 
30 surface layer thereon and a selective thin film of a cyclodextrin derivative chemically 
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bound upon the substrate, the film adapted for the chemically bonding of a nitro- 
containing organic compound therewith, for a sufficient time wherein nitro-containing 
organic species can form complexes with the cyclodextrin derivative, measuring a 
change resulting from complexation of nitro-containing chemical species with the 
5 cyclodextrin derivative, and correlating the measured change with a quantitative or 
qualitative output relating to the nitro-containing organic species. 

In one embodiment of the invention is provided a chemical microsensor system 
including a first sensing portion including a first substrate having a surface oxide layer 
thereon, a linking agent including a linear alkane chain containing from about 8 to about 
10 18 carbon atoms attached to the surface oxide layer of the first substrate, a cyclodextrin- 
derivative covalently bonded to the linking agent of first substrate, a second sensing 
portion including a second substrate having a surface oxide layer thereon, the linking 
agent including a linear alkane chain containing from about 8 to about 1 8 carbon atoms 
attached to the surface oxide layer of the second substrate, the first and second sensing 
15 portions electronically linked so as to provide measurements of a system wherein the 
second sensing portion serves as a reference to the first sensing portion. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE 1 illustrates the response of a 250 MHz SAW resonator microsensor 
coated with a (3-cyclodextrin derivative in accordance with the present invention to a 
20 selected CW agent simulant. 

FIGURE 2 illustrates a comparision of sensitivities of a cyclodextrin monolayer 
SAW device for detecting CW agent simulants and halogenated hydrocarbons. 

FIGURE 3 illustrates sensor responses of three different monolayer SAW devices 
toward perchloroethylene, dimethoxy methyl phosphonate, and chlorethyl ethyl sulfide. 
25 FIGURE 4 illustrates the response of a 250 MHz SAW resonator microsensor 

coated with a cyclodextrin derivative in accordance with the present invention to 
nitrobenzene. 

FIGURE 5 illustrates the response of a 250 MHz SAW resonator microsensor 
coated with various materials in accordance with the present invention to nitrobenzene 
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and demonstrates the passivation of the surface with a coating of 
octadecyltrichlorosilane. 

FIGURE 6 illustrates the response of a SAW resonator microsensor coated with a 
cyclodextrin-siloxane polymer in accordance with the present invention to nitrobenzene. 
5 FIGURE 7 illustrates the nonlinear response of a SAW resonator microsensor 

coated with a cyclodextrin-siloxane polymer in accordance with the present invention to 
nitrobenzene. 

FIGURE 8 illustrates the response of a SAW resonator microsensor coated with a 
second cyclodextrin-siloxane polymer in accordance with the present invention to o- 
10 nitrotoluene. 

FIGURE 9 illustrates the comparative response of a SAW resonator microsensor 
coated with a siloxane polymer versus of a SAW resonator microsensor coated with a 
cyclodextrin-siloxane polymer in accordance with the present invention to nitrobenzene. 

FIGURE 10 shows the real time SAW response towards o-nitrotoluene vapor 
15 over a 250 MHz SAW device coated with cyclodextrin-polymethylhydrosiloxane 

polymer at o-nitrotoluene concentrations of (I) 6 ppm, (II) 600 ppb, (III) 60 ppb and (IV) 
6 ppb. 

DETAILED DESCRIPTION 
20 The present invention is concerned with an article of manufacture, e.g., a 

chemical microsensor device including a substrate with a layer of a cyclodextrin 
derivative thereon, such a chemical microsensor device useftflTe^^fordeiecting nitro 1 
containing organic compounds or CW agents. The chemical microsensor of the present 
invention is characterized as having both selectivity and sensitivity for nitro-containing 
25 organic compounds or CW agents, especially for nitro-containing organic compounds. 
By "selectivity" is meant that the chemical microsensor demonstrates high 
response for the selected target material such as a nitro-containing organic compound 
while demonstrating either no response or a low response to other materials within a 
given sample. By "sensitivity" is meant that the chemical microsensor demonstrates 
30 high response for the selected target material at low concentrations, e.g., at concentration 
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levels of less than about 100 ppb, preferably of less than about 10 ppb and more 
preferably at concentration levels as low as less than 1 ppb. 

In contrast to previous cyclodextrin-derivative based chemical microsensors used 
to detect chlorinated hydrocarbons and chlorinated aromatics, the chemical microsensor 
5 of the present invention shows responses to nitro-containing organic compounds such as 
nitrobenzene of 2 to 3 orders of magnitude higher response in frequency shift thus greater 
sensitivity than for the previous chlorinated compounds and other volatile organic 
compounds. 

The layer of cyclodextrin derivative upon the substrate is species selective, i.e., 
10 the layer of cyclodextrin derivative is selective for certain species within an admixture 
based on a size basis wherein certain species have a size capable of fitting within the 
defined cyclodextrin cavity (the selective host material) and/or on a chemical basis 
wherein certain species can form a chemical attraction with a functionality upon the 
cyclodextrin derivative material. Where the cyclodextrin material is functioning as a 
15 selective host material, it should have a suitable opening or cavity whereby capture or 
inclusion of target selective organic compounds can occur. Additionally, the 
cyclodextrin material preferably includes a functionality capable of forming chemical 
binding, e.g., hydrogen bonding, with nitro-containing organic compounds. The present 
sensor mimics in some respects the behavior of an enzyme that has both geometric or 
20 structural requirements and chemical requirements for operation. Among the 

functionalities capab le of forming chemical binding with nitro-containing organic 

compounds can be included hydroxyl (-OH), amino (-NH 2 ), phosphine 
(-PH 2 ) and -SH. The functionality can also be a substituted amino (-NR 2 ) where R can be 
an alkyl group such as a C, to C 6 alkyl group, or an N-containing heterocyclic such as 
25 pyridine or imidazole or may be ethylene diamine. 

There may also be metal complexes attached to the cyclodextrin material such as 
lanthanide complexes for enhanced chemical binding or bonding with CW agents. 

The layer of cyclodextrin derivative can generally consist of a single thin layer, 
e.g., a single monolayer, of the cyclodextrin-derivative material or can include multiple 
30 layers of the cyclodextrin-derivative material. Multiple layers may in some instances be 
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preferred to enhance sensitivity of the cyclodextrin derivative material by providing 
additional inclusion sites and/or binding sites. In multiple layers, additional thin layer of 
the cyclodextrin-derivative material can be chemically bound upon bonding sites in each 
prior layer of the cyclodextrin-derivative material There is generally no limit to the 
5 number of layers that can be employed although usually the number of layers will be 
from about 1 to about 100. In other instances, thin layers of the cyclodextrin derivative 
material resulting from a single monolayer or only a few single layers to obtain a good 
signal. For example, with high frequency acoustic resonators or with optical 
waveguides, careful molecular control during assembly of the microsensor may be 

10 necessary. Such molecular control can result in a single monolayer of the cyclodextrin 
derivative material with good response to a target material. Thicker films of the 
cyclodextrin derivative material may either result in loss of any detectable signal or 
change the response time to too slow. Generally, individual monolayers are on the order 
of about 2 nanometers (nm) to about 2.5 nm in thickness. Multiple layers may total up to 

15 about 1 micron in thickness. 

The present chemical microsensors including the cyclodextrin-derivative material 
are useful for detection of nitro-containing organic compounds such as, e.g., 
nitrobenzene (NB), dinitrobenzene (DNB), trinitrobenzene (TNB), hexanitrobenzene 
(HNB), nitrotoluene (NT), dinitrotoluene (DNT), and the like or detection of CW agents, 

20 decomposition products of CW agents, or precursor materials to CW agents. In some 
instances, the detected nitro-containing organic compound can serve as a signature 

compound^or^nother^articttlaraxplosive- — 

trinitrobenzene can serve as a signature compound for trinitrotoluene (TNT) which has a 
low volatility. In other instances, simulants of a material desired to be detected (e.g., 

25 simulants of CW agents) are tested instead of the material itself for obvious safety 
reasons. Exemplary simulants for CW agents include chloroethyl ethyl sulfide as a 
simulant for mustard gas and dimethoxy methyl phosphate as a simulant for sarin 
(methylphosphonofluoride acid, isopropyl ester) nerve gas. Measurements of frequency 
responses in chemical microsensors, e.g., surface acoustic wave devices incorporating the 

30 cyclodextrin-derivative material, have shown responses to nitrobenzene of two to three 
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orders of magnitude higher in frequency shift than similar chemical microsensors 
incorporating the same or other cyclodextrin-derivatives have shown for chlorinated 
hydrocarbons and aromatic organic compounds. Detection of nitro-containing organic 
compounds are capable at levels as low as 10 to 100 parts per billion (ppb) of the 
5 selected nitro-containing organic compound using a single monolayer. By use of only a 
single monolayer of selected cyclodextrin-derivative material even lower detection limits 
down to less than 1 part per billion may be achieved. Proper selection of the chemical 
modification of the cyclodextrin-derivative material may control the ultimate sensitivity. 
Use of multiple layers of the cyclodextrin-derivative material may also allow for greater 

10 sensitivity, i.e., lower detection limits. Measurements of these same target materials (a 
nitro-containing organic compound such as nitrobenzene, or nerve gas simulants and 
mustard gas simulants) against reference films prepared from self-assembled thin films 
of an alkane (H 39 C l8 SiCl 3 ) or a perfluorinated alkane (CF 3 (CF 2 ) 7 CH 2 CH 2 SiCl 3 ) on a SAW 
device show a negligible response. 

15 Cyclodextrins are linked D-glucopyranose units with a-cyclodextrin, p- 

cyclodextrin, y-cyclodextrin being composed of 6, 7, or 8 units, respectively, the units 
linked into a circular arrangement. Accordingly, the internal diameter of each of a- 
cyclodextrin, P-cyclodextrin, y-cyclodextrin varies from the others, a-cyclodextrin has a 
cavity size or internal diameter of about 4.7 to 5.2 Angstroms (A), P-cyclodextrin has an 

20 internal diameter of about 6.0 to 6.5 A, and y-cyclodextrin has an internal diameter of 

about 7.5 to 8.5 A. 

The term "cyclodextrin derivative" refers to a cyclodextrin modified to include 
another functional group. This can be accomplished by the addition of other functional 
groups, e.g., a cyclodextrin wherein a hydrogen atom of one or more primary or 

25 secondary hydroxyl groups therein has been substituted by, e.g., a carboxyl group, a 

carboxyl alkyl group, a carboxylaryl group, an alkyl group, e.g., either a lower alkyl such 
as a C, to C 4 group or a longer chain aliphatic containing from about 8 to about 22 
carbons, a hydroxyalkyl group, and the like. A hydroxyl group can also be modified by 
conversion to an amino group. Modification of a cyclodextrin can alter the length and 

30 size of the internal cavity or alter the chemical compatibility or binding properties of the 
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particular cyclodextrin derivative with a nitro-containing organic compound or with a 
CW agent. For enhanced detection of CW agents such as sarin, modification of the 
cyclodextrin may preferably inc'ude formation of a metal complex ion such as a 
lanthanide complex. 

5 A synthetic scheme or self-assembly scheme useful in practicing the present 

invention can include the following. In a cyclodextrin derivative, a secondary hydroxyl 
group can be reacted to convert the hydroxyl group to an ester group (OR). R in such an 
ester group can be an alkyl group, preferably a C, to C 4 alkyl group or substituted C, to 
C 4 alkyl group, an aryl group, preferably a phenyl or substituted phenyl, or a sulfonic 

10 group and the like. R can also be a carbonyl group such as R,C(=0)- with R, being, e.g., 
hydrogen, an alkyl group, preferably a C, to C 4 alkyl group or substituted C, to C 4 alky] 
group, or an aryl group, preferably a phenyl or substituted phenyl. Suitable groups for R 
can include: carboxyl groups wherein R, is methyl, ethyl, propyl, butyl, hydroxyethyl, 
hydroxypropyl, benzyl, and the like; alkyl groups such as methyl, ethyl, propyl, butyl, 

15 hydroxyethyl, hydroxypropyl, benzyl, and the like; or, aryl groups such as phenyl and the 
like. The resultant derivative can be linked through a linker agent after the linker agent is 
initially reacted to the oxide surface of a substrate. Orientation of the cyclodextrin cavity 
can thus be accomplished. Reaction with potassium hydroxide and methanol can restore 
a secondary hydroxyl functionality and the steps can be repeated to build up a multilayer 

20 structure with oriented cyclodextrin functionality. 

For example, monolayers of both asymmmetric a- and P-cyclodextrin benzoate 

deriv^tives^cani?e successfully-attached^o-^-oxidesurface tlu'ougtrcovalenl bond^vrorar 

linker agent. Covalent bonding between the cyclodextrin-derivative material and the 
linker material and between the linker material and the substrate surface provides high 

25 stability to the resultant chemical microsensor. Surface properties of the cyclodextrin 
derivative such as relative hydrophilicity or hydrophobicity can be chemically tailored. 
Such tailoring of the properties can change the selectivity and/or strength of chemical 
binding of the cyclodextrin derivative to target nitro-containing organic compounds or 
CW agents. 
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Multilayers of the cyclodextrin derivative can be built up by attaching a linker 
agent to surface hydroxyl groups, whether original cyclodextrin hydroxyl groups or 
subsequently generated hydroxyl groups. The construction of such multilayered 
cyclodextrin derivatives can be in a fashion referred to as self assembly. 
5 In addition to covalent bonding to the oxide surface, such a step by step 

supramolecular self assembly technique offers molecular level manipulation of the 
nanostructure of the resultant material, e.g., in the orientation of the cyclodextrin 
derivatives. As both the a- and p-cyclodextrin secondary hydroxyl groups can be 
blocked by reaction to form benzoate groups, the building blocks of the cyclodextrin 

10 derivatives can easily be assembled with a molecular orientation ensuring that the 
cyclodextrin "bucket" faces outward from the initial oxide surface of the substrate 
thereby enhancing the response time in the formation of the inclusion complexes. Other 
functionalities attached to the secondary hydroxyl groups of the cyclodextrin may control 
access to the "bucket" or cavity of the cyclodextrin. 

15 Cyclodextrins are commercially available, e.g., from Sigma Chemical Co., St. 

Louis, Missouri and from Aldrich Chemical Co., Inc., Milwaukee, Wisconsin. 

The substrates in the presently described invention are generally materials such as 
quartz, silicon, zinc oxide, zirconium oxide, tin oxide, indium-tin oxide, titanium oxide 
and lithium niobate. The substrates can be a part within a device such as a SAW device, 

20 a Lamb wave device, or an optical transducer, e.g., a waveguide device such as a Mach- 
Zehnder interferometer. The substrate may also be in the form of, e.g., beads or the like 
for use as a separation media. 

In the process of forming articles or devices including a substrate with an oxide 
surface layer and the layer of a cyclodextrin-derivative material, a linking agent is 

25 employed between the oxide surface layer of the substrate and the cyclodextrin- 
derivative material. Among useful linking agents can be included those of the formula 
Br(CH 2 ) x Si(OR) 3 where x is an integer from about 6 to about 18, preferably an integer 
from about 12 to about 18, more preferably an integer from about 1 6 to about 1 8, and R 
is selected from among methyl, ethyl, propyl and the like or chlorine. Another class of 

30 suitable linking agents include the formula Br(CH 2 ) x OH where x is an integer from about 
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6 to about 18, preferably an integer from about 12 to about 1 8, more preferably an integer 
from about 16 to about 1 8. Yet another class of suitable linking agents include 
alkenylsilanes such as 5-hexenyltrichlorosilane, 7-octenyltrichlorosilane and the like. 

The linking agent is reacted initially with the oxide surface layer of the substrate 
5 to form an intermediate product which is then subsequently reacted with the desired 
cyclodextrin-derivative material. Optionally, the linking agent may be initially reacted 
with the cyclodextrin-derivative material to form an intermediate product which may 
subsequently be reacted with the oxide surface layer of the substrate. After formation of 
the initial layer of cyclodextrin-derivative material upon the substrate, a subsequent layer 
10 of the cyclodextrin-derivative material can be linked through additional linking agents 
linked to, e.g., a hydroxyl functionality of the first cyclodextrin-derivative material layer. 
Alternatively, a subsequent layer of the cyclodextrin-derivative material can be linked 
directly to, e.g., a hydroxyl functionality of the first cyclodextrin-derivative material 
layer. 

15 The sensor devices of the present invention can be acoustic wave devices or 

optical transducers. Typically, acoustic wave devices are an arrangement of input and 
output interdigital transducers formed on a piezoelectric substrate such as quartz or 
lithium niobate. The input transducer, upon application of an alternating voltage, 
generates an alternating mechanical strain field because of the piezoelectric nature of the 

20 substrate. The alternating mechanical strain field launches an acoustic wave which if the 
wave travels along the substrate surface is called a surface acoustic wave (SAW) and if 

the-waveiravelsHhitrogh^^ 

(APM). The acoustic wave interacts with a thin film formed on the device surface and is 
then reconverted into an electrical signal by the output transducer. 

25 The velocity of the wave can be easily determined by operating the device as the 

feedback element of a oscillator circuit using an RF amplifier. Relative changes in 
frequency (f) can be directly related to relative changes in wave velocity (v). In 
situations where the velocity shift (Dv) is dominated by changes in the mass density of 
the film (m, mass/area), these frequency changes (Df) can be directly related to changes 

30 in mass density by: 
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Df7f 0 = Dv/v 0 = .c m f 0 m, 
where c m is a mass sensitivity constant which depends on the piezoelectric substrate, and 
the subscript "o" indicates the unperturbed velocity or frequency. 

Identification of species within a liquid or aqueous environment can be better 
5 achieved with an APM or Lamb wave device, which are each more effective in liquids 
than SAW devices which are highly attenuated by liquids contacting the device surface. 

Lamb waves propagate through materials of finite thickness. In contrast to a 
surface acoustic wave, which requires a propagation medium having a thickness on the 
order of tens to hundreds of times the wavelength of the surface acoustic wave 
10 propagating therethrough, Lamb waves require a propagation medium which is at most 
only several wavelengths in thickness. 

Lamb wave sensors generally operate in a frequency range of from about 1 MHz 
to about 200 MHz, while SAW sensors generally operate in frequency range of from 
about 1 0 MHz to about 2,000 MHz. The lower- frequency operation of Lamb wave 
15 sensors can be more convenient in terms of costs for associated electronic equipment 
such as frequency counters and feedback amplifiers. Lamb devices are well known and 
are described, e.g., in U.S. Patent Nos. 5,212,988, 5,189,914 and 5,129,262. 

Suitable optical transducer devices can be, e.g., a Mach-Zehnder interferometer 
wherein the cyclodextrin-derivative is attached to an oxide surface of one arm of a split 
20 waveguide. After formation of any inclusion complexes, a refractive index change 
would result. The change in refractive index would be measured by a phase shift 
comparison between the light in the two arms of the interferometer, one arm coated with 
the selective film and one arm uncoated, thus allowing for determination and detection of 
selected chemical species. Generally, use of an optical transducer may allow for a more 
25 sensitive detection limit than by use of an acoustic wave device such as a SAW device or 
a Lamb wave device. Moreover, the response of SAW type devices and optical 
waveguide devices will generally be different for particular chemical species thereby 
providing complementary information about the identity of the chemical species. 

In operation, a surface acoustic wave is launched by applying a rf potential to the 
30 source transducers, e.g., source metal interdigital transducers. 
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Such a SAW resonator device sets up a resonating cavity in operation and such a 
SAW resonator device is available (without coating) from, e.g., MicroSensors Systems, 
Inc., as, e.g., an SAW-SR 200A (a 200 MHz on ST quartz). In operation, using both a 
coated and uncoated resonator device for comparison, a surface acoustic wave is 
5 launched by applying a rf potential to the source transducers of the respective resonators, 
e.g., source metal interdigital transducers. The wave transverses the surface of the 
piezoelectric quartz through the respective uncoated and coated resonators and the wave 
is then converted back to an electrical signal at the pick up transducers, e.g., pick up 
metal interdigital transducers. The respective electrical signals are passed through a 

10 mixer and a frequency shift is obtained. As the cyclodextrin coating changes in weight 
due to inclusion of or chemical binding to, e.g., nitro-containing organic compounds or 
CW agents, the frequency shift will change. 

Formation of a chemical separator in the present invention involves securing a 
cyclodextrin derivative material onto a suitable substrate, e.g., a quartz substrate, having 

15 a oxide surface to facilitate chemical bonding through, e.g., a linking agent. The 
resultant device can function as a chemical separator for nitro-containing organic 
compounds by forming reversible complexes with selected nitro-containing organic 
compounds such as nitrobenzene and the like. After initial formation of the inclusion 
complex, reversal can be accomplished, e.g., by varying the temperature up to about 

20 60°C thereby yielding a separation of the particular nitro-containing organic compounds 
from the chemical separator. 

Other potential-applicationsofte 

include use in process monitoring for industrial chemicals, use in toxic organic 
compound monitoring of gas phases for safety, use in environmental monitoring of 

25 storage tank leaks, or use in monitoring of sensitive areas such as airports for restriction 
of terrorist activities. 

The present invention is more particularly described in the following examples 
which are intended as illustrative only, since numerous modifications and variations will 
be apparent to those skilled in the art. 
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. 14 ..... 

All reagents were purchased from commercial sources except for cyclodextrin- 
derivatives. All syntheses were carried out under an inert atmosphere. Examples A-N 
relate to the preparation of various cyclodextrin derivatives. NMR spectra were obtained 
on a Brucker 250 MHz spectrometer. 



Example A 

Heptakis(2-0-methyl)-{3-cyclodextrin was prepared as follows. (3-cyclodextrin 
from Aldrich was purified by recrystallization from water and methanol and dried in 
vacuum. P-cyclodextrin (1 g, 0.88 mmol) was dissolved in 10 ml freshly distilled 
dimethyl sulfoxide (DMSO). Sodium hydride (60% dispersion in mineral oil, 0.246 g, 
6.16 mmol) was added . The mixture was stirred at room temperature for about 7 hours. 
Methyl iodide (0.87 g, 0.38 ml) was added and the solution was stirred for 12 hours. The 
volatile materials were removed in vacuum and the oily residue was extracted with 
methanol to give 0.75 g of white solid, which was characterized by NMR and IR 
spectroscopy as the desired cyclodextrin. 

Example B 

Preparation of heptakis(2-0-benzyl)-(i-cyclodextrin was prepared as follows. 
P-cyclodextrin (1 g, 0.88 mmol) and sodium hydride (60% dispersion in mineral oil, 
0.264 g, 6.16 mmol) were placed in a Schlenk flask and the flask was evacuated and 
filled with nitrogen three times. Freshly distilled DMSO (10 ml) was added and the 
mixture was stirred at room temperature at room temperature for 15 hours. The resulting 
25 sticky solution was treated with benzyl chloride (0.71 ml) and the solution was stirred for 
24 hours. The solution was concentrated to about 10 ml. Acetone was then added to 
precipitate a solid. After filtration, the solid was extracted with methanol to give a white 
solid (yield: 0.72 g). The compound was characterized with NMR spectroscopy. 

Example C 



15 
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15 ..... 

Hexakis(2-0-methyl)-a-cyclodextrin was prepared as follows. All syntheses 
were carried out under an inert atmosphere, a-cyclodextrin from Aldrich was purified by 
recrystallization from water and methanol and dried in vacuum, a-cyclodextrin (1.1 g, 
1.13 mmol) was dissolved in 40 ml freshly distilled DMSO. Sodium hydride (60% 
5 dispersion in mineral oil, 0.247 g, 6.79 mmol) was added . The mixture was stirred at 
room temperature for about 15 hours. Methyl iodide (0.96 g, 0.42 ml) was added and the 
solution was stirred for 24 hours. The volatile materials were removed in vacuum and 
the oily residue was extracted with methanol to give 0.60 g of white solid, which was 
characterized by NMR and IR spectroscopy as the desired cyclodextrin. 



Example D 

15 Hexakis(2-0-benzyl)-a-cyclodextrin was prepared as follows, a-cyclodextrin (1 

g, 0.97 mmol) and sodium hydride (60% dispersion in mineral oil, 0.247 g, 6.79 mmol) 
were placed in a Schlenk flask and the flask was evacuated and filled with nitrogen three 
times. Freshly distilled DMSO (40 ml) was added and the mixture was stirred at room 
temperature at room temperature for 1 5 hours. The resulting sticky solution was treated 
20 with benzyl chloride (0.71 ml) and the solution was stirred for 24 hours. The solution 
was concentrated to about 10 ml. Acetone was then added to precipitate a solid. After 
^ifrationTlhe-solid-was-extracted^ft^ 
compound was characterized with NMR spectroscopy. 

Example E 

Heptakis(2-0-amino)-p-cyclodextrin was prepared as follows. Hexakis(2-0- 
amino)-P-cyclodextrin may be prepared from heptakis(2-0-tosyl)-P-cyclodextrin and 
sodium azide in dimethylformamide (DMF). The resulting heptakis(2-0-azido)-P- 
cyclodextrin could be reduced to hexakis(2-0-amino)-p-cyclodextrin. 

Example F 
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Hexakis(2-0-amino)-a-cyclodextrin was prepared as follows. Hexakis(2-0- 
amino)-a-cyclodextrin may be prepared from hexakis(2-0-tosyl)-a-cyclodextrin and 
sodium azide in DMF. The resulting hexakis(2-0-azido)-a-cyclodextrin could be 
reduced to hexakis(2-0-amino)-a-cyclodextrin. 
5 Example G 

Heptakis(2,3-di-0-methyl)-P-cyclodextrin was prepared as follows. All 
syntheses were carried out under an inert atmosphere. Heptakis(6-Otert- 
butyldimethylsilyl)-f}-cyclodextrin (0.37 g, 0.20 mmol) and sodium hydride (60% 
dispersion in mineral oil, 0.2 g) were dissolved in 15 ml freshly distilled DMF. The 
10 mixture was stirred at room temperature for about 2 hours. Methyl iodide (2 ml) was 
added and the solution was stirred for 15 hours. The reaction was quenched with 20 ml 
H 2 0 and 20 ml methylene chloride. The organic phase was separated and dried over 
MgS0 4 to give an oily residue. This residue was then dissolved in tetrahydrofuran 
(THF) and treated with an 1M THF solution of t-Bu 4 NF (2 ml). After two hours, THF 
15 was removed in vacuum and the residue was treated with methylene chloride and water. 
The organic phase was separated and dried over MgS0 4 to give 100 milligrams (mg) of 
white solid. This material allows determination of the effectiveness of such cyclodextrin 
materials without the hydrogen bonding potential from the hydroxyl groups. 

Example H 

20 Heptakis(2,3-di-0-benzyl)-P-cyclodextrin was prepared as follows. Heptakis(6- 

Q-tert-butyldimethylsilyl)-P-cyclodextrin (0.37 g, 0.20 mmol) and sodium hydride (60% 
dispersion in mineral oil, 0.2 g) were dissolved in 15 ml freshly distilled DMF. The 
mixture was stirred at room temperature for about 2 hours. Benzyl chloride ( .28 g, 2.2 
mmol) was added and the solution was stirred for 15 hours. The reaction was quenched 

25 with 20 ml water and 20 ml methylene chloride. The organic phase was separated and 
dried over MgS0 4 to give white solid (220 mg). This solid was then dissolved in THF 
and treated with an 1M THF solution of tBu 4 NF (2 ml). After two hours, THF was 
removed in vacuum and the residue was treated with CH 2 C1 2 and H 2 0. The organic phase 
was separated and dried over MgS0 4 to give 150 mg white solid. 

30 Example I 
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Preparation of p-cyclodextrin lanthanide complexes is as follows. Mono(2-0- 
ethylenediamine)-P-cyclodextrin lanthanide complexes may be synthesized as follows: 
P-cyclodextrin (1 g, 0.88 mmol) is dissolved in 10 ml freshly distilled DMSO. Sodium 
hydride (60% dispersion in mineral oil, 0.246g, 6.16 mmol) was added . The mixture is 
5 stirred at room temperature for about 7 hours. Tosyl chloride (1 mmol) is added and the 
solution is stirred for 12 hours. The volatile materials are removed in vacuum and the 
oily residue is extracted with methylene chloride to give mono(2-0-tosyl)-P- 
cyclodextrin. Mono(2-0-tosyl)-P-cyclodextrin (0.5 mmol) is dissolved in 10 ml DMF 
and treated with ethylenediamine (2 mmol) in DMF. The resulting mono(2-0- 
10 ethylenediamine)-P-cyclodextrin (0.2 mmol) is treated with 3 equivalent of Ln(N0 3 ) x in 
H 3 0 to give the desired product. 

Example J 

Preparation of tetra(0-hydroxyethyl)-t-butyl-calix[4]arene was as follows. 
Tetra(0-ethyl acetate)-t-butyl-calix[4]arene (3 g, 3 mmol) was dissolved in 20 ml freshly 

15 distilled THF. LiBH in THF (2M, 9 ml) was added, followed by dropwise addition of 
methanol ( 0.8 ml). The solution was refluxed for 2 hours and was treated with aqueous 
HC1 solution (0.1 M). The organic phase was extracted with methylene chloride and 
dried over MgS0 4 with a yield of 2.3 grams. 'HNMR (CDC1 3 ): 6.85, 4.36, 3.23, 4.00, 
3.99. 1.09 ppm. 

20 Example K 

Heptakis(6-0-8-octene-l -enyl)-P-cyclodextrin was prepared as follows. 1 g of 
affea~p-cyclodexlnn was dissolved1rf25 ml of anhydroTrs~dtm^hyi^ 
solution was added 0.25 g of powdered sodium hydroxide and the mixture was stirred for 
one hour at room temperature. To the stirred solution, was added 1 .03 ml of 8-Bromo-l- 

25 octene dropwise. Stirring was continued for 48 hours at room temperature. Sodium 
bromide and unreacted sodium hydroxide were separated from the reaction mixture by 
filtration and the solvent was removed subsequently under vacuum. The residue was 
dissolved in 10 ml methanol and the product was precipitated by adding 100 ml of 
diethyl ether. The crystalline product was separated by suction filtration and was dried 

30 under vacuum. 
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Example L 

Heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl)-P-cyclodextrin was prepared as 
follows. Heptakis(6-0-8-octene-l-enyl)-P-cyclodextrin (0.5 g) was dissolved in 25 ml of 
anhydrous dimethyl formamide. Sodium hydride (0.15 g) was added under a nitrogen 
5 atmosphere. The mixture was stirred for 2 hours at room temperature. Methyl iodide 
(0.123 ml) was added slowly at 20 °C. After stirring for 30 minutes, another 0.123 ml of 
CH 3 I was added to the reaction mixture. After stirring for one hour the reaction mixture 
was decanted from unreacted sodium hydride and was carefully poured into 200 ml of 
water. The aqueous phase was extracted three times with 70 ml of chloroform. The 
10 combined organic portions were washed three times with water and dried over anhydrous 
MgS0 4 . The crude product was purified by gel chromatography on Sephadex resin. 

Example M 

A cyclodextrin-siloxane polymer was prepared via hydrosilylation as follows. 
Poly(methylhydrosiloxane) (20 (il) from Aldrich Chemical Co. was dissolved in 20 ml of 

15 dried toluene. 30 jil of 1-hexene was added to the solution and to the refluxing mixture 
a few drops of H 2 PtCl 6 in anhydrous tetrahydrofuran was added at intervals of 2.5 hours 
each. After 24 hours, heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl)-p-cyclodextrin (0.2 
g) was added to the mixture and the solution was stirred for another 24 hours. The 
solvent was removed and the resultant product was extracted by petroleum ether and 

20 dried under vacuum. 

Example N 

Another cyclodextrin -siloxane polymer was prepared via hydrosilylation as 
follows. Poly(methylhydrosiloxane) (20 \xl) from Aldrich Chemical Co. was dissolved 
in 20 ml of dried toluene. Heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl)-P-cyclodextrin 
25 (0.15 g) was added to the solution, followed with the addition of a few drops of H 2 PtCl 6 
in anhydrous tetrahydrofuran at intervals of 2.5 hours each. The solution was refluxed 
overnight. 

Example 1 

Monolayer formation of heptakis(2-0-Methyl)-p-cyclodextrin on a SAW 
30 transducer with a siloxane linker was as follows. A surface acoustic wave (SAW) device 
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was rinsed with acetone and chloroform and cleaned in a plasma cleaner for 1 0 min. The 
device was then immersed in a toluene solution of bromoundecyltrimethoxysilane (2% 
v/v in toluene) for 24 hours under nitrogen. The device was then rinsed thoroughly with 
toluene and chloroform. The device was then immersed into a N-methyl-pyrrolidinone 
5 solution (10 ml ) containing KOCN (22 mg) and heptakis(2-0-methyl)-P-cyclodextrin 
(24 mg). The solution was heated at 75°C for 15 hours. The SAW device was rinsed 
with chloroform. 

Example 2 

Monolayer formation of hexakis(2-0-benzyl)-a-cyclodextrin on a SAW transducer 
10 . with an ether linker was as follows. A surface acoustic wave (SAW) device was rinsed 
with acetone and chloroform and cleaned in a plasma cleaner for 10 minutes. The device 
was then immersed in a neat 12-bromododecanol at 100°C for 24 hours under nitrogen. 
The device was then rinsed thoroughly with chloroform. The device was then immersed 
into a N-methyl-pyrrolidinone solution (10 ml ) containing KOCN (22 mg) and 
15 heptakis(2-0-benzyl)-a-cyclodextrin (24 mg). The solution was heated at 75°C for 1 5 
hours. The SAW device was rinsed with chloroform. 

Example 3 

Monolayer formation of long alkyl chains on a SAW transducer was as follows. 
Three different SAMs (self assembled monolayers) were formed to passivate the surface of 
20 SAW devices. Long alkyl chain compounds of octadecanol, octadecyltrimethoxylsilane and 
heptadecafluoro-l,l,2,2-tetrahydrodecyltriethoxysilane were used to form the self assembled 
monolayers through either^Jxaneiffi^ 

octadecyltrimethoxylsilane (0.2 ml) was dissolved in 10 ml toluene and a freshly cleaned SAW 
device (rinsed with chloroform and plasma cleaned for 10 minutes) was immersed in the 

25 solution. After one day, the SAW device was cleaned first with chloroform, then with acetone 
and then air-dried. An octadecanol monolayer was prepared by immersing a freshly cleaned 
SAW device into a neat octadecanol solution at 100 °C for 3 days. The device was washed with 
chloroform and ethanol. 

The bar chart of FIG. 5 shows the results of various SAW measurements. The 

30 results indicate that the octadecyltrichlorosilane film coated SAW device is less sensitive 
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to nitrobenzene than those SAW devices coated with a film of 

heptadecafluorotetrahydrodecyl, octadecanol, heptakis(2-0-methyl)-beta-cyclodextrin, or 
heptakis(2-0-amino)-beta-cyclodextrin. Such a passivated surface can serve as a good 
comparison for other measurements. 

5 

Example 4 

Monolayer formation of tetra-(0-hydroxyethyl)-t-butyl-calix[4]arene on a SAW 
transducer was as follows. A surface acoustic wave (SAW) device was rinsed with 
acetone and chloroform and cleaned in a plasma cleaner for 10 minutes. The device was 

10 then immersed in a toluene solution of bromoundecyltrimethoxysilane (2% v/v in 
toluene) for 24 hours under nitrogen. The device was then rinsed thoroughly with 
toluene and chloroform. The device was then immersed into a N-m ethyl -pyrrolidinone 
solution (10 ml) containing KOCN (22 mg) and tetra-(ethyl-0-acetate)-t-butyl- 
calix[4]arene (24 mg). The solution was heated at 75°C for 15 hours. The SAW device 

1 5 was rinsed with chloroform. 

Example 5 

Formation of a cyclodextrin-containing polymer thin film on a SAW transducer 
was as follows. A 250 Hz SAW device was cleaned by rinsing with acetone and 
irradiated with an 0 3 /UV cleaner. The freshly cleaned device was placed in a toluene 
20 solution containing the cyclodextrin-siloxane polymer (9 millimoles) of example M. The 
SAW device was then slowly pulled out of the solution and the device was placed under 
a strong nitrogen stream. The mass loading resulted in a frequency shift of about 500 
KHz. 

25 Example 6 

Fabrication of a covalent bonded cyclodextrin-siloxane polymer thin film on a 
SAW device was as follows. The process consisted of two steps. First, a SAW device 
was rinsed with acetone and cleaned with an 0 3 /UV. The device was then immersed in a 
solution including 3 millimoles of 5-hexenyltrichlorosilane in bicyclohexyl/carbon 

30 tetrachloride (9: 1 ; volume to volume(vrv)) for one hour. The device was rinsed 
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extensively with chloroform and dried in air. The cyclodextrin-siloxane polymer was 
prepared from poly(dimethylsiloxane) which contained about 30% Si-H groups (20 |il) 
and heptakis(2,3-0-dimethyl-6-0-8-octene-l-enyl)-P-cyclodextrin (0.2g) in 20 mL 
toluene. The reaction took 24 hours with the addition of a few drops of the catalyst 
5 H 2 PtCl 6 in anhydrous tetrahydrofiiran added at 2.5 hour intervals. The SAW device was 
then placed in the solution. The solution was kept at 1 1 0 °C for another 24 hours. The 
SAW device was washed thoroughly with toluene and sonicated in toluene. The mass- 
loading resulted in a frequency shift of about 100 KHz. 

Example 7 

10 Fabrication of a covalent bonded cyclodextrin-siloxane polymer thin film on a 

SAW device was as follows. The process consisted of two steps. First, a SAW device 
was rinsed with acetone and cleaned with an 0 3 /UV. The device was then immersed in a 
solution including 3millimoles of 5-hexenyltrichlorosilane in bicyclohexyl/carbon 
tetrachloride (9: 1 ; v:v) for one hour. The device was rinsed extensively with chloroform 

15 and dried in air. The device was then immersed in the above prepared 

polymethylhydrosiloxane-cyclodextrin solution of example N. The solution was 
refluxed for 24 hours with the addition of a few drops of the catalyst H 2 PtCl 6 in 
anhydrous tetrahydrofiiran at 2.5 hour intervals. The SAW device was then placed in the 
solution. The solution was kept at 1 10 °C for another 24 hours. The SAW device was 

20 washed thoroughly with toluene and sonicated in toluene. The mass-loading resulted in a 
frequency shift of about 100 KHz. 

The above SAW device was exposed to o-rnmmjiirera (NT), a-TNT-surrogater~ 

The device was found to detect o-nitrotoluene as low as 600 ppt with a response of 1 0 
Hz. In Fig. 10, a real time response of the device to o-nitrotoluene at several 

25 concentrations is shown. 

Example 8 

Detection of simulants of explosives and CW agents 
SAW Measurements 

Two CW agent simulants were tested with the self assembled monolayer SAW 
30 sensors. DMMP has been widely used as nerve agents simulant for decontamination and 
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sensor studies. Chloroethyl ethyl sulfide (CEES) has also been used as mustard gas 
simulant for decon study. In FIG. 1, a real time response of a heptakis(2-0-methyl)-p- 
cyclodextrin (from example 1) monolayer SAW device towards 23 ppm chloroethyl ethyl 
sulfide is shown. It can be seen that adsorption of CEES took a while to saturate the 

5 monolayer film and to desorb from the surface, which resulted in a peak-like response. 
Similar response peaks were observed for polymer coated SAW devices for 
organophosphorous compounds. The SAW sensitivity at 23 ppm CEES concentration is 
1 5 Hz/ppm. With the same device, a response of 27 Hz was observed towards 2.3 ppm 
CEES. Also tested was a SAW device coated with octadecanol SAM (example 3) for 

10 sensing CEES, but no SAW response was observed at 23 ppm CEES. 

FIG. 2 shows a comparison of sensitivities of a cyclodextrin monolayer SAW 
device for detecting CW agent simulants and halogenated hydrocarbons. It can be seen 
that the sensor coated as in example 1 was very sensitive towards CW agents simulants. 
The strong affinity of the cyclodextrin hosts toward DMMP and CEES can be attributed 

15 to the higher sensitivity. 

In FIG. 3, sensor responses of three different monolayer SAW devices (coated as in 
examples 1, 2 and 3) toward perchloroethylene, dimethoxy methyl phosphonate, and 
chlorethyl ethyl sulfide are presented. In the graph, the leftmost bar is for a SAW device 
with the coating as in example 1, the center bar is for a SAW device with the coating as 

20 in example 2 and the rightmost bar is for a SAW device with the coating as in example 3. 
These devices are quite sensitive toward DMMP with example 2 showing as the most 
sensitive. It was considered a surprise that the device with C 18 H 33 monolayer (from 
example 3) had such a response toward DMMP. While not wishing to be bound by the 
present explanation, it is believed that some organic species are capable of intercalating 

25 between such long alkyl chains. In the case of CEES, however, the SAW device with 
methylated (i-CD (from example 1) is extremely sensitive and the detection limit, as 
mentioned before, is 2.3 ppm. 

FIG. 4 shows a real-time response of a SAW sensor (from example 1) to (A) 150 
ppb nitrobenzene in Argon with sensitivity of about 100 Hz/ppm and (B) 1 .5 ppm 

30 nitrobenzene in Argon with sensitivity of about 97 Hz/ppm. 
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The sensing ability of the above fabricated devices were measured on explosive 
simulant (nitrobenzene) and CW agent simulants (dimethoxy methyl phosphonate and 
chloroethyl ethyl sulfide). Vapors of these simulants were generated and/or diluted to a 
certain concentration with a vapor generator. The sensitivity and detection limits of the 
5 chemical sensors are tabulated below. 



Table 1 

10 Nitrobenzene DMMP Chloroethyl Ethyl Sulfide 

Example 1 1 00 Hz/ppm 8 Hz/ppm 1 2 Hz/ppm 

Example 2 20 Hz/ppm 10 Hz/ppm 5 Hz/ppm 



The above results demonstrate that upon exposure to the nitro-containing organic 
15 compound the cyclodextrin derivative coated SAW resonators of this invention 

responded both quickly (a matter of seconds) and reversibly as shown, e.g., in FIG. 4. 
Further, the results demonstrate that a chemical sensor including an active responsive 
material of a cyclodextrin derivative can detect the presence of volatile organic species in 
a real time situation and that such the active responsive material of such a sensor operates 
20 reversibly. 

The self assembled SAW sensor of example 5 was tested for sensing nitrobenzene 

and^he-resuits^re-shown-in-FiGr6 

nonlinear, i.e., at low concentrations the SAW device was much more sensitive. This 
result is shown in FIG. 7. The self assembled SAW sensor of example 7 was tested for 
25 sensing o-nitrotoluene and the results are shown in FIG. 8. 

For comparison, a SAW device was coated with only a siloxane polymer and 
compared to the SAW device of example 5. The sensitivity was found to be much lower 
for the device coated only with the siloxane as seen in the results plotted in FIG. 9. The 
siloxane polymer coated SAW device was found to have a detection limit of 6 ppm of 
30 nitrobenzene. 
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EXAMPLE 9 

Fabrication of a cyclodextrin-polysiloxane film was as follows. A SAW device was 
reinsed with acetone and cleaned with an 0 3 /UV cleaner. The device was then immersed 
in a solution including 3 millimoles of 5-hexenyltrichlorosilane (in one run) or 7- 
octenyltrichlorosilane (in another run) in bicyclohexyl/carbon tetrachloride (9:1; v:v) for 
one hour. The device was rinsed extensively with chloroform and dried in air. The 
device was then immersed in a polymethylhydrosiloxane (PMHS) solution in toluene. 
The solution was refluxed for 24 hours with the addition of a few drops of H,PtCl 6 in 
anhydrous THF at 2.5 hour intervals. The device was then washed with toluene and 
dried in air. To a toluene solution containing heptakis(2,3-0-dimethyl-6-0-8-octene-l- 
enyl)-b-cyclodextrin (example L) was immersed the above device. The solution was 
refluxed for 24 hours with the addition of H 2 PtCl 6 in anhydrous THF at 2.5 hour interval. 
The SAW device was rinsed with toluene and dried in air. The same films were 
fabricated similarly on a silicon wafer for characterization purposes. The final film has 
the following IR characteristics: C-H vibrations: 2856 cm' 1 , 2879 cm' 1 , 2925 cm" 1 and 
2968 cm- 1 . 

Although the present invention has been described with reference to specific details, 
it is not intended that such details should be regarded as limitations upon the scope of the 
invention, except as and to the extent that they are included in the accompanying claims. 
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WHAT IS CLAIMED IS: 

1 . A method of detecting trace amounts of nitro-containing organic species 
within an environment comprising: 

placing a selective chemical sensor into an environment, said sensor including a 
substrate having an oxide surface layer thereon and a selective thin film of a cyclodextrin 
derivative chemically bound upon said substrate, said film adapted for the chemically 
bonding of a nitro-containing organic compound therewith, for a sufficient time wherein 
nitro-containing organic species can form complexes with said cyclodextrin derivative; 

measuring a change resulting from complexation of nitro-containing chemical 
species with said cyclodextrin derivative; and, 

correlating said measured change with a quantitative or qualitative output relating 
to said nitro-containing organic species. 

2. The method of claim 1 wherein said change is a weight change and 
measurement is by a surface acoustic wave device or lamb wave device including said 
selective thin film of a cyclodextrin derivative chemically bound upon a piezoelectric 
substrate of said device. 

3. The method of claim 1 wherein said change is an index of refraction 
change and measurement is by an interferometer device including said selective thin film 
of a cyclodextrin derivative chemically bound upon an optical surface of said device. 

4. The method of claim 1 wherein said detection is effective at detection 
limits of parts per billion. 

5 The m ethod of clai m 2 wherein said detection is effective at detection 

limits of parts per billion. 

6. The method of claim 3 wherein said detection is effective at detection 

limits of parts per billion. 

7. A chemical microsensor comprising: 

a substrate including an oxide layer; 



BNSOOCID: <WO 9822795A1 JA> 



SUBSTITUTE SHEET (RULE 26) 



WO 98/22795 



PCTAJS97/21519 



26 ....... 

a linking agent including a linear alkane chain containing from about 8 to about 
18 carbon atoms attached to said oxide layer; and, 

a cyclodextrin-derivative covalently bonded to said linking agent. 

8. The chemical microsensor of claim 7 wherein said cyclodextrin-derivative 
is covalently bonded to said linking agent through a urethane linkage. 

9. A chemical microsensor system comprising: 

a first sensing portion including a first substrate having a surface oxide layer 
thereon; 

a linking agent including a linear alkane chain containing from about 8 to about 
5 1 8 carbon atoms attached to said surface oxide layer of said first substrate; 

a cyclodextrin-derivative covalently bonded to said linking agent of first 
substrate; 

a second sensing portion including a second substrate having a surface oxide layer 
thereon; 

10 said linking agent including a linear alkane chain containing from about 8 to 

about 1 8 carbon atoms attached to said surface oxide layer of said second substrate, said 
first and second sensing portions electronically linked so as to provide measurements of a 
system wherein said second sensing portion serves as a reference to said first sensing 
portion. 
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